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CHAPTER 





B INTRODUCTION 


1. All living organisms have the common structural and 
functional unit called cell. Although the sizes of the 
different living beings vary greatly, the sizes of their 
cells are nearly the same. 

2. The cell is too small to be seen with the naked eye. 
Light microscope which helps us to see objects as small 
as 0.2 ym in diameter, is used to observe the various 
morphological features of a cell. 

3. However, we require an electron microscope to find out 
the minute details of the very small structures of the 
cell. With an electron microscope, we can see objects 
as small as 0.002 wm in diameter. 

4. Each cell is surrounded by a membrane called cell 
membrane or plasma membrane. Also, the cell contains 
a nucleus located near the center of the cell, other 
membrane-bound structures called cell organelles and 
the cytosol. The cell organelles and the cytosol together 
are known as cytoplasm. 


§ CELL MEMBRANE (FLUID MOSAIC MODEL) (FIG. 1.1) 


1. The cell membrane is mainly made up of phospholipids 
and proteins. It is about 7.5 nm thick. It has the 
following functions: 

a. It forms a mechanical barrier between intracellular 
and extracellular fluid which have significantly 
different composition. 

b. Due to its selective permeability, it regulates 
transport of substances into and out of the cell. 

c. It takes part in membrane junctions, which connect 
adjacent cells. 

d. Receptors present on the cell membrane receive 
signals from chemical messengers like hormones, 
neurotransmitters, etc. 
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e. The cell membrane is connected to various 
intracellular and extracellular protein filaments 
associated with transmission of force. 

The phospholipids that mainly form the cell membrane 

are phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylinositol, etc. Other lipids present in the 
cell membrane are sphingomyelin and cholesterol. 

. The phospholipids are amphipathic in nature. Their 
structure resembles a clothes peg, which has a head- 
region and two tails. Their phosphate portion with 
attached choline or ethanolamine forms the polar, 
hydrophilic head-region directed toward the surface. 
In contrast, the lipid portion containing two fatty acid 
chains forms the nonpolar and hydrophobic end. The 
cell membrane is impermeable to water because of its 
hydrophobic lipid core constituted by the fatty acid 
chains. 
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The lipid molecules in the cell membrane are fifty times 
as many as the protein molecules. But the proteins 
account for half the weight of cell membrane because 
they are much bigger in size. 

The adjacent lipid molecules of cell membrane are 
not bound by chemical bonds. They can move freely 
independent of one another parallel to the cell surface, 
This explains the remarkable fluidity and flexibility of 
cell membrane. The fluidity of the cell membrane allows 
the protein molecules to move freely within the cell 
membrane. However, the cytoskeletal attachments limit 
mobility of some proteins. On the other hand, flexibility 
of cell membrane is well illustrated in the fact that it 
allows red blood cells (RBCs) to fold and squeeze through 
the narrow lumen of the capillaries. 


4. Inthe cell membrane, the phospholipid molecules are 
arranged in two layers (Fig. 1.1). The hydrophilic ends 
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Fig. 1.1: The cell membrane with its two layers of phospholipid 


ma 


molecules and proteins. 
(ECF: extracellular fluid) 


remain at the outer and inner (cytoplasmic) surfaces 
of the cell membrane, while the hydrophobic fatty 
acid chains are directed toward the interior of the cell 
membrane. Under the electron microscope, the cell 
membrane has a trilaminar appearance. 


. Along with the phospholipids, the cell membrane 


contains many protein molecules. Some of these 
proteins are bound tightly with the surrounding 
lipids so that they cannot be easily dislodged from the 
membrane. These are called integral proteins. 

Most of them pass through the entire length of the 
membrane (frequently called spanning the membrane). 
Often an integral protein may span the membrane 
several times. They serve important functions like act- 
ing as ion channels or performing signal transduction. 


. In contrast, there are other proteins, which lie at 


the outer or inner surface of the cell membrane and 
are linked to the integral proteins. These are called 
peripheral proteins. Most of these proteins are present 
near the cytoplasmic surface of the cell membrane 
providing structural support and also helping in cell 
motility. The structure of cell membrane described 
above is known as “fluid mosaic model’ 


. The various types of protein serving different functions 


in cell membrane can be enumerated as follows: 

a. Ion channels: These membrane spanning integral 
proteins allow the passage of ions across the cell 
membranes. The charged ions are otherwise im- 
permeable to the cell membrane. 

b. Carriers: These are proteins, which transport 
substances along their electrochemical gradient 
without expenditure of energy, e.g. glucose 


transporters (p. 20). 


Section 1; General Physiology 





. DAE 


a 


Pumps: These are proteins, which transport sub. 
stances across the cell membrane against electro. 
chemical gradient with expenditure of energy, by 
hydrolysis of adenosine triphosphate (ATP), e.g, 
Na'/K'-ATPase pump. 

d. Cell adhesion molecules (CAMs): These protein 
molecules connect adjacent cells or cells to basa] 


C, 


lamina. . 
e, Receptors: These are proteins receiving signals 


from various chemical messengers, e.g. hormones, 
neurotransmitters, etc. which modulate cel] 
function. 

f. Enzymes: These are proteins responsible for catalyz- 
ing chemical reactions, close to the cell surface. 

g. Cell markers: These proteins are specific for 
particular cells lending them identity and specificity. 


. Polarity of the cell membrane: 


a. The protein content and distribution in the cell 
membrane vary, not only from cell to cell, but also 
in different surfaces of the same cell. 

b. For example, the cell membrane of the luminal 
surface of an epithelial cell lining the renal tubule 
has markedly different distribution of proteins from 
that at the basal surface. 

c. This different protein distribution in different parts 
of acell membrane confers “polarity” to the cell. 

d. Also, this differing protein composition of different 
surfaces of cell is essential for efficient transport and 
absorptive function of some cells. 


9, Although some proteins are stationary, being linked 


ll. 


to the cytoskeletal structures underneath the cell 
membrane, others are freely mobile. 

That is how receptors in the cell membrane are 
drawn together and are internalized in the process of 
receptor-mediated endocytosis. 


. The cell membrane contains carbohydrate portions 


attached to protein or lipid as part of membrane 

glycoproteins or glycolipids. 

The carbohydrates project outwards from cell surface 
and form the glycocalyx. The membrane carbohydrates 
have the following functions: 

a. These are responsible for the negative charge of cell 
surface. Such negative charges repel RBCs from one 
another (p. 84) and also prevent passage of large 
molecules like albumin into urine under normal 
conditions. 

b. These may act as antigens and take part in immune 
reactions. 

c. These may also act as receptors for some hormones: 

a. We have seen that cell membrane is composed 
of a lipid bilayer with the hydrophilic phosphate 
portions of the phospholipid molecules remaining 
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on the outer and inner aspects of cell membrane 
and hydrophobic fatty acid chains directed to the 
cell interior, 

b, Ata lower temperature, the hydrophobic chains in 
adipid bilayer are stiff because they have a highly 
regular alignment. With rise in temperature, 
this orderly gel-like alignment of hydrophobic 
chains changes to a disordered fluid-like state. In 
other words, membrane fluidity is increased. The 
temperature at which the lipid bilayer undergoes 
this transition between ordered to disordered state 
is called the “transition temperature’. 

c. Fatty acids, which are longer and saturated, increase 
“transition temperature” and decrease membrane 
fluidity. Unsaturated fatty acids like linoleic acid or 
polyunsaturated fatty acids (PUFA) are kinked. They 
decrease membrane compactness and increase 
membrane fluidity. Obviously, they lower transition 
temperature. 

d. Membrane fluidity increases its permeability to 
water and small hydrophilic molecules. It also 
increases the lateral mobility of integral proteins in 
the cell membrane. 

The asymmetry of cell membrane between its outer and 

inner surfaces is due to the following factors: 

a. The arrangement of peripheral proteins varies in the 
outer and inner surfaces of membrane. 

b. Carbohydrate (sugar) moieties are present only on 
the outer surface of the membrane. 

c. Distribution of enzymes varies on the outer and 
inner surfaces of membrane. 

d. Phospholipids present in the lipid bilayer also show 
asymmetry. Choline-containing phospholipids, 
e.g. phosphatidylcholine are mainly present in 
the outer layer whereas aminophospholipids, e.g. 
phosphatidylethanolamine are mainly present in 
the inner layer. 
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All cells in the body, with only a few exceptions, contain 
a nucleus, Fully developed RBCs have no nucleus. On 
the other hand, skeletal muscle cells contain a number 
of nuclei. 


. The nucleus is bounded by a membranous structure 


called nuclear membrane or nuclear envelope. It is 
formed by two membranes enclosing a space called 
“perinuclear cistern’: 


. Only ions and small molecules can pass through 


nuclear membrane. However, there are gaps in the 
nuclear membrane called nuclear pores, which allow 
the passage of proteins and RNA (ribonucleic acid) 
through them. The nuclear pores are bounded by about 
100 proteins, which surround the pore. 


. The nucleus contains chromosomes. These are paired 


structures formed by large strands of deoxyribonucleic 
acid (DNA) (about 2 meters long when stretched) coiled 
around proteins like histone. 

The coiled portion of DNA around a histone forms 
a bead-like structure called nucleosome. The beaded 
structure of a chromosome is formed by innumerable 
nucleosomes attached end-to-end. 

Deoxyribonucleic acid and proteins together are 
known as chromatin. 


. The chromosomes contain all the information neces- 


sary for transmission of inherited characteristics. The 
units carrying heritable information are known as 
genes. These are parts of the DNA molecule contained 
in the chromosomes. 


. The nucleus contains usually one highly coiled structure 


called nucleolus. It has no surrounding membrane. It 
contains numerous granules with plenty of RNA and 
proteins concerned with synthesis of ribosomes. It 
helps in assembling the subunits of ribosome. 


. During the process of mitosis, the chromosomes 


become double in number. So, after division, each cell 
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Fig. 1.2: The structures inside a cell. 
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B RIBOSOMES 
1. Ribosomes are the intracellular sites of protein 
synthesis. They have an approximate diameter of 20 nm. 
>. Thev have two subunits, 40s and 60s, denoting their 
sedimentation rate on ultracentrifugation. They consist 
of many proteins and some RNA molecules. 
3. They may be attached to granular endoplasmic 
reticulum or remain free in the cytosol. Those attached 
ic reticulum synthesize proteins, which 
> lumen of the reticulum. After being 
he endoplasmic reticulum, these proteins 
are passec on tt he Golgi apparatus. 
u 44 she ribosomes remaining free in 
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This is of two types: 
a, Rough or granular endopla: 


b, Smooth endoplasmic reticulum. 
2, Granular endoplasmic reticulum is a flattened sac-like 
structure bounded by membranes enclosing a space, 
which is continuo’! out the entire extent 
of the reticulum. This space 18 algo continuous with 
perinuclear cistern, the space enclosed between two 
layers of nuclear envelope. 
smooth endoplasmic reti 
with extensive branching. ! 
granular endop 


lasmic reticulum. 
3 The granular oF rough en 


doplasmic reticulum has 
many ribosomes attached to its cytoplasmic surface. 
Smooth endoplasmic t 


eticulum has no such attached 
ribosomes. 


4, Granular endoplasmic reticulum regulates folding of 
polypeptide chains and formation of disulfide bonds. 
Thus, it helps in synthesis of proteins. 

Smooth endoplasmic reticulum helps in the 
synthesis of steroids and fatty acids. It also acts as a 
storage site for calcium ions, which are released from 


it when needed. 


culum is a tubular network 
{ may communicate with 


a GOLGI APPARATUS (FIGS. 1.2 AND 1.3C) 

a series of membrane-bound 
located close to the nucleus. 
ore in number. 


1. The Golgi apparatus is 
sacs or cisterns usually 
Golgi apparatus may be one orm 
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Figs. 1.3A to D: The intracell ; 
ular —— (A) Granular endoplasmic reticulum, (B) Smooth 
(C) Golgi apparatus, (D) Mitochondria. | Mine ieaee nie Tatehina 
















2. Structure and function: 

a. The cisterns of Golgi apparatus are concave or cup- 
shaped. They are usually 6 in number, They have 
two ends, trans and cis, 

b. Vesicles containing proteins are given off from the 
endoplasmic reticulum and they are taken up by 
the cisterns of Golgi apparatus at the cis-end. Then 
the proteins pass through the middle cisterns via 
other vesicles. Ultimately, they reach the trans-end. 

c. From the trans-end, vesicles may pass to the 
lysosomes or travel to the cell membrane to be 
secreted by exocytosis. 

d. Golgi apparatus imparts some chemical changes 
to the secreted proteins. Also, they appear to direct 
the destination of different proteins packaged into 
vesicles. 


FOCHONDRIA (FIG. 1.3D) 


1. Mitochondria are sausage-shaped structures present 
in the cell cytoplasm. They are bounded by two mem- 
branes, an outer membrane and an inner membrane. 

. The space enclosed between the two membranes is 
known as intracristal space whereas the space enclosed 
by the inner membrane is known as the matrix. 

. Folded portions of the inner membrane project into the 
matrix and these are known as cristae. 

. Mitochondria are primarily concerned with generat- 
ing energy in the cell. Enzymes involved in biologic 
oxidations are located in the outer membrane of mito- 
chondria whereas enzymes associated with oxidative 
phosphorylation, are housed in the inner mitochon- 
drial membrane (during oxidative phosphorylation, H* 
ions are pumped out into the intracristal space from the 
matrix. This leads to the formation of a steep gradient 
of H*ions across the inner mitochondrial membrane. 
As these H’ ions re-enter the matrix, ATP is synthesized, 
catalyzed by the enzyme ATP synthase). 

. Mitochondria are specially important for supplying 
energy to neurons, which depend solely on aerobic 
respiration provided by mitochondria. 

. Mitochondria contain DNA that has qualitative and 
quantitative differences from nuclear DNA. This 
is probably due to the fact that mitochondria were 
Originally separate organisms. These were later 
incorporated into the cell and a symbiotic coexistence 
developed between them. 


B LYSOSOMES (FIG.1.2) - | 


1. Lysosomes are large, spherical, or oval structures 
present in cell cytoplasm. They have highly acidic 
interior and they contain large number of enzymes. 
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2. The surrounding membrane of lysosome prevents 
contact of lysosomal enzymes with other intracellular 
components, which, otherwise, would have been 
destroyed by the enzymes, 

. Foreign particles such as bacteria are engulfed by the 
cell forming a phagocytic vacuole. this then fuses with 
lysosomes, Lysosomal enzymes now digest the foreign 
particles, Thus, lysosomes act as the digestive organ of 
the cell. Lysosomes also take up the degenerated cellular 
components and destroy them. 

4, Sometimes, a particular lysosomal enzyme is absent. 
Then the substance, which was acted upon by the 
missing enzyme, accumulates in lysosomes. This leads 
to what is known as “lysosomal storage disease. Tay- 
Sachs disease is an example. 
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Wi PEROXISOMES 


1. Peroxisomes are structurally similar to lysosomes but 
they are functionally different. They are about 0.5 um 
in diameter. 

2. Like mitochondria, they utilize oxygen but their require- 
ment is much smaller. 

3. Functions: 

a. Peroxisomes containing the enzyme catalase 
remove the highly toxic hydrogen peroxide formed 
in the cell. 

b. Also, they use hydrogen peroxide to detoxify various 
toxic products of the cell, particularly in the liver 
and the kidney. 

c. They also play a major role in the catabolism of 
long-chain fatty acids. 


i FILAMENTS 


In the cell, there are various filamentous structures, which 
maintain the shape of the cell and also allow the cell to 
change position. 

These are called cytoskeletal structures as they lend 
stability to the structure of the cell. They also help in the 
mobility of the cell. These structures include— 

a. Microtubules 
b. Intermediate filaments 
c. Microfilaments. 


Microtubules 


1. These are long, unbranched hollow tubes formed by 
walls about 5 nm thick, encircling a lumen about 15 
nm in diameter. 

2. They are formed by two protein subunits (a-tubulin 
and f-tubulin). At one end, the tubes are continuously 
assembled whereas at the other end, the tubes undergo 
breakdown. 











3. Microtubules play an important role in maintaining 
asymmetric cell shape, 

4. Intracellular organelles, e.g, vesicles, mitochondria, 
secretory granules, ete, move within the cells along 
these microtubules, 

5. The microtubules are also part of the spindles in the 
nucleus. They help in the movement of chromosomes 
during mitosis. 

6. Microtubules are important structural components of 
cilia. Together with dynein, they help in their oscillatory 
movement. 


Intermediate Filaments 


1. These are 8-14 nm in diameter. They may form con- 
nections between the nuclear envelope and cell mem- 
brane. 

. They protect the cell from deformation by external 
forces. Cells are prone to rupture in the absence of these 
structures. 

3. These filaments are prominently present in: 


i) 


a. Axons of nerve cells where they provide structural 


support. 

b. Skin cells—here, they are made up of keratin and 
form extensive intracellular network. This connects 
with extracellular filaments, providing strength and 
stability to the tissue. 


Microfilaments 


1. These are solid filaments of smaller diameter (about 
4-6 nm). These are formed by the protein actin. Actin is 
present in two forms, G-actin and F-actin. The G-actin 
polymerizes to form the F-actin. 

.. In skeletal muscle, actin filaments, along with myosin, 
participate in muscle contraction. Apart from that, it 
is present in microvilli and other cellular extensions 
where it helps in maintaining the stiff and rigid shape 
of these structures. 

3 In combination with integrins, actin filaments form 
focal adhesion complexes. These are attached to the 
basal lamina and form sites of traction during cell 
movement. 


i INTRACELLULAR MOTOR PROTEINS OR MOLECULAR 
MOTORS (KINESIN, DYNEIN, AND MYOSIN) 


1. These proteins, which are also called molecular motors, 
propel various organelles along the microtubules or 
microfilaments such as actins. They bind with the 
organelles by their filamentous tail while they attach 
to microtubules or microfilaments with their globular 
head. The energy for their movement comes from 


hydrolysis of ATP. 
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2, ‘Ihe motor proteins, which move along micr tubules 


are kinesins and dyneins. | | 
_ Kinesins have two heads, One head binds to the micro. 


tubule, Then this head Is flexed at the neck while the 
other head binds to the microtubule. These two steps 
occur alternately and thus, the movernent continues, 
Kinesins actively participate in carrying chemicals like 
neurotransmitters from cell body of nerve cell to the 
axon terminals along microtubules. 
4, Dyneins also have two heads. They are “ two types— 
(1) cytoplasmic dynein and (2) axonemal dynein. 
Cytoplasmic dyneins, similar to kinesins, help in the 
movement of intracellular organelles. | 
Axonemal dynein, on the other hand, is responsible 
for the oscillatory movements of cilia and flagella. 
5. Myosins, along with actin, generate force. Myosin is of 
two types, myosin J and myosin I. 
i. Myosin Ihas a solitary head. It is found, along with 
actin, in cell membrane. | | 
ii. Myosin II has two heads. It is present in muscle 
where it aggregates into thick filaments. It is capable 
of generating force during muscle contraction. 
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Cilia and Flagellum 

Cilia are motile projections arising from the outer surface 
ofa ciliated cell. For example, they form ciliated epithelium 
of the respiratory tract. 

The oscillatory movement of cilia helps in removing 
foreign particles from the respiratory tract. In the female 
genital tract, ciliated cells help in transport of the ovum from 
the fimbrial end of fallopian tube toward the uterine cavity. 

Cilia are composed of the protein dynein along with 
10 pairs of microtubules. 9 pairs of peripherally located 
microtubules encircle 2 central microtubules in what is 
known as (9 + 2) arrangement. 

The microtubules arise from the basal body situated at 
the base of the cilia. The basal body is a structure equivalent 
to the centriole. 

The flagellum is a part of the sperm. In fact, sperm is 
the only cell in the body which bears a flagellum. It helps 
in the motility of the sperm. It also shows the typical (9+2) 
pattern of microtubules as seen in the cilia. 


Cell Adhesion Molecules 


1. Some integral membrane proteins bind cell-to-cell or 
link cell and extracellular matrix. That is why they are 
called cell adhesion molecules. 

2. These molecules of a particular cell sense intracellular 
or extracellular environment, and this information is 
utilized by the cell in organizing cellular response t0 
environmental stimuli. Thus, CAMs have important 
signaling functions. 
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3. Cell adhesion molecules are of two types; Ca-dependent 
and Ca-independent. Ca-independent CAMs include 
integrins, which bind cell to extracellular matrix. CAMs 
belonging to immunoglobulin superfamily are also Ca- 
independent. Ca-dependent CAMs include cadherins 
and selectins, 

4. Binding between similar type of CAMs is called 
homophilic binding while heterophilic binding takes 
place between dissimilar CAMs or between CAMs and 
extracellular matrix. 

. Cell adhesion molecules mediate many diverse 


wa 


functions. They guide immune cells to their site of 


action. They also guide developing axons to target 
tissues. Apart from binding cell-to-cell as mentioned 
at the outset, they also help in embryonic development 
of neurons and play a useful role in inflammation and 
wound healing. 


SY 


JNTERCELLULAR JUNCTIONS (FIGS. 1.4A TO C) 


‘<The intercellular junctions are of the following types: 
a. Tight junctions (zonula occludens) 
b. Zonula adherens 
c. Desmosomes 
d. Hemidesmosomes and focal adhesions. 
All the junctions bind adjacent cells together and help 
them to form strong and stable tissues. 


_ Tights (Fig. 1.4A) 
1. These are present between the apical parts of epithelial 


cells lining intestinal mucosa, renal tubules, and also 
endothelial cells lining cerebral blood vessels. 
2. Ridge-like projections extending from two adjacent 


cells closely adhere to each other and they completely 


occlude the intercellular space. 

At these points of adhesion, parallel strands co 
posed of the transmembrane protein claudin for 
the structural basis of tight junctions, by binding the 
adjacent cells together. Other proteins involved in 
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tight junctions are occludin and junctional adhesion 
molecules, - | 


. Some tons and small molecules, however, may pass 


through the junction, This leakiness varies between 
tight junctions at different sites. 

‘Thus, there are “tight” tight junctions and “leaky” 
tight junctions, “Leaky” tight junctions present in 
proximal convoluted tubules of the kidney regulate 
or “gate” the entry of substances leaking through this 
type of tight junction. In contrast, in thick ascending 
limb of the nephron, “tight” tight junctions form a near 
impenetrable barrier restricting entry of most types of 
molecules. 


ctions 


a. The tight junctions prevent passage of substances across 


an epithelium by obstructing passage of substances 
through the intercellular gaps. Thus, the blood-brain 
barrier, provided with tight junctions, prevents passage 
of many substances into the brain. Similarly, as stated 
above, the epithelium lining the thick ascending limb of 
the renal tubule, containing “tight” tight junctions, acts as 
an almost impenetrable barrier even to small molecules. 


. The “leaky” tight junctions in the proximal convoluted 


tubules in the kidney, as mentioned above, selectively 
regulate or “gate” passage of ions and small molecules 
through them. This type of transport through the 
intercellular space is known as paracellular transport. 


. Tight junctions prevent migration of proteins from 


luminal surface to basolateral surface of an epithelial 
cell. Thereby, it demarcates the luminal surface from 
the basolateral surface and maintains polarity of the 
cell. 








a Adherens (Fig. 1.4A) 


This is a continuous band of membrane junction at the 


basal region of the tight junctions. Microfilaments within 
the cell are mostly attached to this region. 


Connexon 





ae 


Gap junction 3 nm 
(Extracellular space) 





Figs. 1.4A to C: The intercellular junctions: (A) Tight junction and zonula adherens, (B) Desmosome, 
(C) Gap junction showing the apposed connexons, 
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Cells require contiguity of similar cells to form an 
epithelium. Zonula adherens, by means of proteins called 
cadherins, helps in recognition of similar cells in forming an 
epithelial laver. Cytoplasmic ends of these transmembrane 
proteins help in intracellular organization of cytoskeleton. 


Desmosomes (Fig. 1.4B) 
|. These are specialized disk-shaped thickened areas 
of cell membrane linking the adjacent cells closely. 
Intermediate filaments of the cell are attached to these 
sites, 
>. These thickened areas of adjacent cells are connected 
by extracellular glycoprotein filaments. Intracellularly, 
they are connected to intermediate filaments which 
often extend to desmosome of opposite cell surface. 





Hemidesmosomes and Focal Adhesions 


these attach cells to the basal lamina. Focal adhesions help 


in cell movement and they are connected to intracellular 


.ctin filaments. Hemidesmosomes, however, are attached 
intermediate filaments. 

the other type of intercellular junction is gap junction. 

it helps in rapid transmission of ions and small molecules 


or electricg’ activity between adjacent cells. 


- 

pd SPF IUNCTIONS FIG. 1.4C) 

1. These are intercellular junctions bounded by proteins 
called connexons. Each connexon contains six subunits 
called conncxins. These are arranged in a hexagonal 
pattern, encircling a central canal. 

2. The intercellular gap at the gap junction is 3 nm in place 

usual 20 nm. 

3. Ihe connexon of one cell is apposed to another con- 
nexon of the adjacent cell in such a manner that a chan- 
nel is formed. Through this, ions and small molecules 
up to a molecular weight of 1,000 can pass from one cell 
to the other. 

4. The diameter of the connecting channel is 2 nm. 

5. The diameter of the channel is influenced by (Ca**), 
(H’), and voltage. 

6. The gap junctions allow rapid passage of an action 
potential across many cells at a time and that is how 
cardiac muscle forms a functional syncytium. 

7. In other types of gap junctions, metabolically important 
small molecules or small molecules serving as chemical 
signals are exchanged between cells. 

8. Charcot-Marie-Tooth disease is a type of disorder 
involving peripheral nerves (peripheral neuropathy). 
It is caused by mutation of genes, which synthesize 
connexin. In fact, 20 different diseases are caused by 
mutation of genes that synthesize connexin. 


of the 








Recent research has established the presence of very 
fine intercellular channels called tunneling nanotubes 
between cells, Although to some extent similar to gap 
junctions, these are much longer (about 150 2) and have 
much bigger diameter. These are believed to transport 
larger molecules like proteins between cells. Viruses 
including the AIDS virus are believed to use this pathway 


to spread from cell to cell. 


I EXTRACELLULAR MATRIX (CONNECTIVE TISSUE) AND 


RELATED DISEASES 


Extracellular matrix is formed by the connective tissue 
surrounding the cells. It contains three types of substances: 


1. Structural proteins like collagen, elastin, etc. . 
2. Special proteins like fibrillin, laminin, fibronectin, etc. 


3. Proteoglycans. 


Collagen 

It is the most abundant protein in the body. There are many 
types of collagen. Collagen type I is the main constituent of 
bone whereas cartilage is formed by collagen type II. 


Collagen has a triple helical structure in which three 


polypeptide chains are wound around one another. Thus, 
they provide the high tensile strength of tissues like bone. 


Major disorders of collagen include: 


1. Osteogenesis imperfecta: Presents with blue translucent 
sclera and fragile bones which lead to multiple frac- 
tures. 

2. Chondrodysplasias: 

a. Achondroplasia: Patients with this disorder present 
with short limbs, normal trunk, and macrocephaly. 
It is an autosomal dominant disorder with mutation 
of gene encoding fibroblast growth factor receptor 
3. This tyrosine kinase receptor mediates action of 
fibroblast growth factor on cartilage cells. 

b. Stickler syndrome: Presents with degenerated joint 
cartilage and vitreous humor of eye. This is caused 
by genetic mutation leading to defect in synthesis of 
type II collagen. 

3. Ehlers-Danlos syndrome: Presents with hyperextensible 
skin, increased fragility of tissues, and hypermobile 
joints, 

4. Alport syndrome: Presents with hematuria and end- 
Stage renal failure. 

>. Epidermolysis bullosa: Presents with skin blisters. 

6. Scurvy (occurs in vitamin C-deficiency): Characterized 
by gum bleeding, subcutaneous hemorrhage, and 
delayed wound healing. These are caused due to 
deficient collagen synthesis because vitamin C is a 
cofactor of the enzyme required for collagen synthesis. 
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¢. Osteoporosis: It is characterized by loss of bone matrix 
which causes bone weakness with resultant fractures, 


Elastin 


This connective tissue protein plays an important role 
in imparting the properties of stretchability and elastic 
recoiling to tissues. It is characteristically found in elastic 
tissue of the lung, Windkessel vessels, the pinna, ligaments, 
etc. 

Williams syndrome is a disorder involving elastin, often 
presenting with supravalvular aortic stenosis. 


Fibrillin 
It is a glycoprotein remaining closely associated with 
microfibrils. It is found in suspensory ligament of the lens, 
periosteum, and the aorta. 

Marfan syndrome is an autosomal dominant 
disorder involving mutation of genes coding fibrillin. It is 


characterized by dislocation of lens, tall stature, elongated 
digits, and hyperextensible joints. 


Laminin 
It is found in the glomerular basement membrane. 


Proteoglycans and Glycosaminoglycans 


Proteoglycans are proteins covalently connected with 
glycosaminoglycans (GAGs). In proteoglycans, the 
quantity of carbohydrate is relatively greater compared to 
glycoproteins. 

Aggrecan is an important proteoglycan present in 
cartilage. Its molecular structure is similar to a “bottlebrush” 

There are seven important GAGs. These are hyaluronic 
acid, chondroitin sulfate, keratan sulfates I and II, heparan 
sulfate, dermatan sulfate, heparin, etc. They are the major 
constituents of extracellular ground substance. 

Hyaluronic acid is present in synovial fluid, vitreous 
humor of the eye, cartilage, etc. 
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Chondroitin sulfate is an important constituent of 
cartilage, 

Keratan sulfate type fis present in cornea and cartilage 
whereas keratan sulfate type (lis present in loose connective 
(issue, Keratan and dermatan gulfate are responsible for 
comeal transparency, 

Dermatan sulfate present in sclera may play a role in 
determining ocular shape, 

Heparin is secreted by mast cells. It has anticoagulant 
properties (p.97). They bind with plasma antithrombin and 
lipoprotein lipase of capillary wall. 

Heparan sulfate is located in cell surfaces. They 
mediate cell growth and intercellular communication. 
They are present in glomerular basement membrane. 
Their negative charges regulate passage of other molecules 
during glomerular filtration. 

Mucopolysaccharidoses are autosomal recessive 
diseases caused by lack of enzymes required for degrading 
GAGs. 

Hurler’s syndrome caused by L-iduronidase deficiency 

and Hunter syndrome caused by iduronate sulfatase 
deficiency are two examples. 
Osteopetrosis is a metabolic disease of bone (marble bone 
disease): Characterized by defect in osteoclastic bone 
resorption resulting in increased bone density, renal 
tubular acidosis, etc. 

It is caused by carbonic anhydrase II deficiency. 
Osteoclasts secrete H’ ions for bone resorption. This leads 
to accumulation of toxic OH ions inside osteoclasts as 
explained below: 

The toxic OH ions are neutralized by intracellular H- 
ions produced from CO, and water by the catalytic action 
of carbonic anhydrase IJ. So, in carbonic anhydrase II 
deficiency, this process is disturbed leading to defect in 
bone resorption. 

Renal tubular acidosis is caused by carbonic anhydrase 
deficiency in renal tubular cells. 
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a. The instructions for protein synthesis in the cell are 
contained in DNA in the nucleus. 

b. Deoxyribonucleic acid is formed by a double helix 
of polynucleotide chains containing the purine and 
pyrimidine bases, e.g. adenine, thymine, cytosine, 
and guanine (Fig. 2.1). 

c. These bases are linked together by hydrogen bonds. 
Adenine always binds with thymine and cytosine 
binds with guanine. 

d. As many as three billion base pairs are found in the 
DNA. 

2. The gene: A gene is considered the unit of hereditary 
information. It can be defined as the portion of DNA 
required to synthesize a single protein or polypeptide. Fig. 2.1: Double helical structure of deoxyribonucleic acid 


The entire collection of genes in DNA is known as showing characteristic base-pairing. 
(A = adenine, T = thymine, C = cytosine, and G = guanine) 





genome. The total number of genes in the human 
genome is about 50,000-100,000. 

3. The nucleotide sequence in a particular gene may have 
slight differences in different individuals. These slightly 
different forms of the same gene are called “alleles”. 

4. Each person receives one gene from father’s sperm and | {J GENETIC CODE 
another corresponding gene from mother’s ovum. The 
two genes are called allelic genes. If both allelic genes 
have identical nucleotide sequence, the individual is said 
to be homozygous with respect to that particular gene. 

5. If, however, the allelic genes are slightly different in 
nucleotide sequence, the individual is heterozygous 9 
with respect to that gene. 


Bf INTRODUCTION 
| 1. Deoxyribonucleic acid (DNA): 
2. In contrast, a gene is called recessive when it requires 
the presence of another recessive counterpart to 
express its full properties. 

1. Although DNA carries the information regarding 
protein synthesis, protein is synthesized in ribosomes 
in the cytoplasm. This requires transfer of information 
from DNA to the ribosomes and this is effectively 
carried out by messenger ribonucleic acid (mRNA). 

- Now, the instruction of protein synthesis is delivered by 
DNA through the sequence of bases in the DNA forming 


th 
Dominant and Recessive Gene : es Renetic code. 
| | 7 ; he genetic code can be likened to a language which 
1. Agene is called dominant, if its presence expresses the has only four letters (the four bases) and the words 
inherited properties fully irrespective of the nature of are three-letter words composed of the three bases 
its allelic gene. arranged in various sequences. 


RI 





4, ‘The three-base triplets, as we shall see, correspond to | 


~J 


_ BTRANSCRIPTION (SYNTHESIS OF mRNA) 
a. 


. At this point, it may be noted that there are three main 
differences between RNA and DNA. These are: 


_ 3. Now, in DNA hydrogen bonds link the bases of the two 
polynucleotide chains. Adenine specifically binds with 
thymine and cytosine binds with guanine. 

_ 4, During transcription, the hydrogen bonds are broken 
and the bases in the single polynucleotide chain are 
now free to combine with complementary bases in free 
ribonucleotide triphosphates. 


. The four bases can form 4 « 4« 4 = 64 different triplets, 


. Three of the triplets, however, do not represent an 
. The triplet T-A-C represents methionine. At the same 


. It has already been mentioned that mRNA transmits 


iii. Ribonucleic acid contains a single polynucleotide 


triphosphate (ATP), guanosine triphosphate (GTP), 


an amino acid and the sequence of the triplets in agene 
dictates the sequence of amino acids in a polypeptide, 



















Since, there are only 20 amino acids to represent, one 
amino acid is often represented by more than one 
triplets. For example, the triplets C-C-G, C-( A, C-C-C, 
and C-C-T all represent the same amino acid glycine. 


amino acid, Rather, they indicate the end of polypeptide 
chain. So they are called “the termination code words’: 


time, it indicates the beginning of the polypeptide 
chain. 


information encoded in genes in DNA to ribosomes in 

the cytoplasm. This takes place in two steps: 

a. First, the genetic information is transferred to mRNA 
during its synthesis from DNA in the nucleus. This is 
known as transcription. 

b. In the second step, the mRNA after migrating from 
the nucleus to the cytoplasm, lines up amino acids 
according to the order dictated by its base sequence 
and assembles them into polypeptide chains in 
ribosomes. This is the process of translation. 


During transcription, the hydrogen bonds between the 
two polynucleotide chains of DNA are broken in the 
region of the gene to be transcribed. 

Now, a single polynucleotide chain of DNA acts as a 
template for the synthesis of mRNA (Fig. 2.2). 


i. In RNA, the pentose contained is ribose whereas 
DNA contains the pentose deoxyribose. 

li. In RNA, the bases present are adenine, guanine, 
cytosine, and uracil whereas in DNA, the base 
thymine replaces uracil. Thus, DNA contains the 
bases adenine, guanine, cytosine, and thymine. 


chain whereas DNA is a double-stranded helix with 
two polynucleotide chains. 


The free ribonucleotide triphosphates are adenosine 


Chapter 2: Genes and Protein Synthesis 


Transcribed chain 









of mRNA 
Separation of ONA 
Chains by splitting of 
H-ponds 
Codons 


Fig. 2.2: Transcription of mRNA frorn DNA. 
(DNA: deoxyribonucleic acid; mRNA: messenger ribonucleic acid) 


cytidine triphosphate (CTP), and uridine triphosphate 
(UTP) (A, G, C, and U representing adenine, guanine, 
cytosine, and uracil, respectively. It should be noted 
that thymine is replaced by uracil as a ribonucleotide 
base). 


. Now, these free ribonucleotide bases pair with the 


exposed DNA bases in complementary fashion, i.e. 
adenine pairs with uracil and cytosine pairs with 
guanine. 


. In the next step, the enzyme RNA polymerase links the 


ribonucleotides lined up in specific sequence to form 
a ribonucleotide chain. This is accomplished as RNA 
polymerase splits off two phosphate groups from the 
ribonucleotide triphosphates and forms covalent links 
between adjacent ribonucleotides. 

In this way, MRNA is synthesized. This synthesized 
mRNA has a base sequence complementary to the base 
sequence of the transcribed gene. 


. RNA polymerase unites ribonucleotides only when it 


is bound to DNA. Otherwise, ribonucleotide chains 
of random sequence would have been produced with 
disastrous consequences. 


. As the hydrogen bonds in DNA are broken, two poly- 


nucleotide chains are set free and both are theoretically 
capable of forming mRNA chains. 

However, only one polynucleotide strand forms 
mRNA. Presence of a specific nucleotide sequence 
called promoter, determines which strand of DNA will 
act as template for mRNA synthesis. 

RNA polymerase binds to the promoter region and 
catalyzes joining of ribonucleotide phosphates from 
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this point to synthesize MRNA. Thus, binding of RNA 
polymerase to the promoter region of a gene triggers 
gene transcription, 


_ Gene transcription can be regulated by various factors, 


which stimulate or inhibit the activity of the promoter 
region, 

It should be noted that the base sequence in MRNA is 
different from that in DNA. The base sequence in MRNA 
is complementary to that of transcribed gene. 


_ The base sequence in MRNA can be perceived as a series 


of 3-base groups. Each group represents an amino acid. 
These 3-base sequences in MRNA representing amino 


acids are called codons. 


_ The base sequence in a codon is complementary to 


the 3-base sequence in a DNA triplet. Thus, the base 
sequence in the DNA triplet C-A-T gives rise to the 
codon G-U-A in mRNA. 


Bf EXON AND INTRON (FIG. 2.3) 


he 


No 


_ The regions in mRNA corr 


DNA 
chain 


The entire nucleotide sequence of a gene is transcribed 
to synthesize mRNA. But, only parts of the gene code 
for amino acid sequences. 

The portions of gene, which code for amino acid 
sequences are called exons. The remaining portions 
of gene, which do not take part in forming amino acid 
sequence, are Called introns (Fig. 2.3). 


_ Thus, the mRNA is formed of alternate regions corre- 


sponding to DNA exons and introns. 
esponding to introns are 


useless. They are spliced off in post-transcriptional 


processing. 


_ Thus, mRNA free from intron-derived parts is formed. It 


is now ready for the next stage of protein synthesis, i.e. 


Exons 


Introns a. 





Transcription of DNA 
to mRNA 


| Splicing of MRNA 


Processed 
mRNA 
after splicing 


Fig. 2.3: Processing of mRNA after splicing of sequences 
corresponding to DNA exons. 
(DNA: deoxyribonucleic acid; mRNA: messenger ribonucleic acid) 


Bf TRANSLATION 


|. Translation of the codon sequ 
_ Ribosomes are present either as 


. Apart from mRNA, there ar 


te 


translation. It now migrates from the nucleus through 
the nuclear pores into the cytoplasm where they bind 


to ribosomes. 


ence of mRNA into 
of amino acids during protein 


mes. 
free ribosomes in the 


tached to the granular 


the specific sequence 
synthesis, takes place in riboso 


cytosol or they may remain at 


endoplasmic reticulum. 
e two other forms of RNA, 


which play an important role in translation. These are: 


a. Ribosomal RNA (rRNA): 
¢ Like mRNA, rRNA is synthesized from DNA but 
located in the nucleolus. 


the genes involved are 7 
¢ Apart from contributing to rRNA synthesis, the 


nucleolus also plays 4 role in combining proteins 
to rRNA molecules before they are transported to 


the cytoplasm. 


b. Transfer RNA (tRNA J: 
¢ Although the codons of mRNA correspond to 


specific amino acids, the codons themselves do 

not bind to amino acids. 

Thus, the linking of mRNA to amino acids needs 

an intermediary, which is constituted by tRNA. 

» The tRNA is the smallest of the three varieties of 
RNAs. Like the other two, it is synthesized from 
the DNA template. 

» It is folded to form three loops resembling a 
trifoliate leaf. It forms a covalent linkage with 
an amino acid at one end while at the opposite 
end; it presents a 3-base sequence which pairs 
with a MRNA codon. This 3-base sequence of 
tRNA, which pairs with mRNA codon, is called 


anticodon. 


_ The amino acid-tRNA complexes are lined up along 


the mRNA on the surface of ribosomes where peptide 
bonds are formed between adjacent amino acids 


(Fig. 2.4). 


. The proteins in ribosome and rRNA locate the initial 


codon and they are believed to catalyze the first peptide 
bond formed between the two initial amino acids. 

This first step takes time and factors influencing this 
initial step control the rate of protein synthesis. 


- The ribosome has two binding sites for holding two 


tRNA-amino acid complexes. The first binding site 
holds the tRNA attached to the most recent amino acid 
added to the polypeptide chain. The second binding site 
holds the tRNA bound to the amino acid, which will be 
added next in the polypeptide chain. 


. Peptide bond is formed between these two amino 


acids. Then the tRNA attached to the first binding 


Growing 
polypeptide 
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chain RNAs 


— MRNA 


Ribosome 


Fig. 2.4: Protein synthesis on the surface of a ribosome. The tRNA 


carrying the amino acid tryptophan is being added to the growing 
polypeptide chain. 


(MRNA: messenger ribonucleic acid; tRNA: transfer ribonucleic acid) 


site is released from the polypeptide. The tRNA in 
the second binding site then comes over to the first 
binding site as the ribosome moves one codon length 
along the mRNA. 


. The second binding site is now occupied by the next 


tRNA-amino acid complex as determined by the next 
codon in the mRNA. In this way, protein synthesis goes 
on until a termination codon in the mRNA stops the 
process. 


. Itshould be noted that the mRNA remains unchanged 


during protein synthesis and can be used over and 
over again. Not only that, a number of ribosomes may 
simultaneously move along a single mRNA chain, 
synthesizing polypeptide chains at different stages of 
synthesis. 


Bf POST-TRANSLATIONAL MODIFICATION 


1. Polypeptides emerge as a linear chain from ribosomes. 


But, we know that in proteins, polypeptide chains are 
folded in different shapes. In some, the folding may 
be spontaneous. But in others, some special proteins 
play an important role in determining the complex 
conformations of newly synthesized polypeptides. 
These special proteins are called chaperone. 

. Another type of post-translational modification 
involves combination of the polypeptide chains with 
carbohydrates, especially in case of glycoproteins. 

. Some polypeptides may be broken down by enzymes 
into several smaller polypeptides. 


B PROTEIN SECRETION 


ribosome from mRNA, Now, the subsequent fate of 
the polypeptide depends upon the presence of a signal 
sequence in tt, The signal sequence is a particular 
sequence of amino acids in the polypeptide recognized 
by specific sites of endoplasmic reticulum. 


. Ifthere is no signal sequence, the polypeptide remains 


in the cytosol. But, if the polypeptide contains a signal 
sequence, it binds, along with the attached ribosome 
and mRNA, to the endoplasmic reticulum as the signal 


sequence gets attached to specific sites of endoplasmic 
reticulum, 


. The growing polypeptide chain is guided into the lumen 


of the endoplasmic reticulum, where it undergoes 


further processing, e.g. addition of carbohydrate 
molecules. 


. After being processed in endoplasmic reticulum, the 


proteins are carried into vesicles. These emerge from 
endoplasmic reticulum and fuse with the membranes 
of Golgi apparatus. 


. In the Golgi apparatus, the proteins not only undergo 


further processing but also they are grouped according 
to their destination. 


. From the Golgi apparatus, vesicles containing protein 


may migrate to the cell membrane and fuse with it 
discharging the contents outside the cell, a process 
known as exocytosis. Alternatively, the vesicles fuse 
with lysosomes and enhance their enzyme content. 


Bf] REGULATION OF PROTEIN SYNTHESIS 


1. 


Although a cell contains 50,000-100,000 genes, only a 
small number of them are transcribed in a particular 
cell. 


. The transcription of a gene does not take place unless 


the RNA polymerase binds properly to the promoter 
region in the gene. This binding of RNA polymerase 
to the promoter region is facilitated by some proteins 
called transcription factors. 


. These transcription factors are nonspecific, i.e. a 


single transcription factor can stimulate transcription 
of several related genes. Thus, a small number of 
transcription factors are needed for gene transcription. 


. It is postulated that signals coming from inside or 


outside of the cell, e.g. hormones, modulate proteins 
attached to the promoter regions of the genes, which 
transcribe the transcription factors themselves. 

Thus, the synthesis of transcription factors is 
increased or decreased with similar effect on protein 
synthesis from other genes. 


. The rate of protein synthesis can also be regulated 


by controlling the rate of mRNA breakdown. Larger 


The polypeptide chains are synthesized in the 
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number of active MRNA molecules ts associated with All the phases except M phase are collectively know, 
greater amount of protein synthesis, Conversely, 
quicker degradation of MRNA molecules reduces the 


quantity of synthesized protein, 
















as interphase. 
Gells of specialized, differentiated tissue like nerye 


skeletal muscle do not divide. They leave cell cycle and 
enter a phase called G,, having lost the power to divide. 
However, sometimes, under appropriate signals, the cej] 
may re-enter the cell cycle and regain its power to divide. 


fa 
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B CELL DIVISION 
} Cell division is an essential step for growth and develop- 
ment. It requires replication of DNA and production of 
two daughter cells, each receiving one DNA molecule. 
2. DNA replication is, in essence, a process with some 
similarities to RNA synthesis. Here, the two chains of 
DNA. which form a double helix, get separated and the 
free bases of each DNA strand pair with complementary 
bases linked with deoxyribose triphosphate. 
3. The enzyme DNA polymerase then connects the lined 
up deoxyribose nucleotides to form two identical DNA 
molecules. During cell division, the two DNA molecules 


go to two daughter cells. 


BI STEPS OF CELL DIVISION (FIG. 2.6) 


1. Cell division consists of two processes: 

a, Mitosis—it signifies division of the nucleus. 
b. Cytokinesis—it is division of the cytoplasm. 
Both of these occur during M phase of the cell cycle. 

_ DNA is spread out in the nucleus as 46 nucleoprotein 
threads which are called chromatin threads. During 
DNA replication in S phase, they are doubled and these 
pairs of chromatin threads are called sister chromatids. 
These are connected to each other at centromere. 

_ At the time of mitosis, the chromatin threads become 
highly coiled and dense. They are now known as 
chromosomes. 

_ Meanwhile, the nuclear membrane is dissolved. The two 
centrioles (an additional centriole appears during DNA 
replication) are positioned at two ends of the cell. Spindle 

fibers, made up of microtubules, extend between them. 
The spindle fibers connect the centrioles to each other 
and also they link the centrioles to the chromosomes. 

5. Now, the sister chromatids get separated at the centro- 
mere and of the 46 pairs of sister chromatids, one-half 
goes to each centriole. 

6. The process of cytokinesis starts. The middle portion 
of the cell contracts until the two daughter cells are 
formed. 

7. The nuclear membrane develops in each daughter cell. 
Chromatids are converted to chromatin threads and 
two separate cells are produced. 

8. The most critical junctures of cell division are: 

a. At the start of S phase 


b. At the start of M phase. 
Cell division cycle genes, abbreviated as cdc genes, give 


rise to specific protein kinases essential for triggering 
the start of these vital phases of cell division. 





B CELL CYCLE (FIG. 2.5) 


1. In a rapidly dividing cell, which undergoes division 
once in 24 hours, the cell goes through some specific 
phases. 

_ The mitotic changes appear just 1 hour before the cell 
divides completely. This is called the M phase. 

3. However, the DNA replication starts much earlier and 
ends before M phase begins. DNA replication takes as 
long as 7 hours and continues between 13-20 h after the 
beginning of the cell cycle. This is known as S (synthetic) 
phase. 

4. There are two quiescent phases. The first between the 
beginning of the cell cycle and start of DNA replication 
is called G, (G = gap) phase. The second quiescent phase 
between S phase and M phase is known as G, phase. 


i) 





§ MUTATION 


1. During cell division, although very rare, there may be 
error in DNA replication in genes, leading to alteration 
in base sequence. This, in turn, results in altered amino 
acid sequence in synthesized proteins. This is known 
as mutation. 

2. It is indeed astonishing that so few mutations occur 
during the trillions of cell divisions that are taking place 


in our body. 





13 h 
Fig. 2.5: Phases of a cell cycle. 





; Chapter 2: Genes and Protein Synthesis Caz 


Centriole 





b. Secondly, when a faulty base sequence is detected in 
one DNA strand, repairing enzymes cut off this faulty 
portion, This is followed by correct base-pairing of 
the cut-off portion, guided by normal DNA strand 

¢, Mutation is caused by a number of factors including 
chemical substances, ionizing radiation, ete. Agents 
causing mutation are called mutagens. 

4, Mutations may be of several types. It may be caused by: 

a. Substitution of a single base in DNA: Shis usually, but 
not always, leads to the substitution of an amino acid 
by another amino acid in the synthesized protein 
(as one amino acid may be represented by more 
than one base triplets, the same amino acid may be 
coded in spite of substitution of a single base). 

Centriole b. Addition or deletion of a base: This is a major change 
in base sequence because the addition or deletion of 
Ciraniossaa a single base alters the entire genetic code, which is 
formed in the order of 3-base sequences or “triplets” 
If one base is deleted (or inserted), the base 
sequence in the triplets is altered not only in one 
triplet but also in a large number of succeeding 
triplets. 
This may result in the synthesis of a protein, which 
has no functional significance (nonsense protein). 


~ Chromatin 





Sister 
chromatids 





Centromere 





i EFFECTS OF MUTATION ON CELL FUNCTION 


Cytokinesis 1. The function ofa protein mainly depends on the amino 
has begun acid sequence of some specialized parts such as the 
binding sites of the protein. 

If mutation involves amino acids of these specific 
important regions, the function of the protein wil! be 
grossly affected. Conversely, amino acid substitution in 
portions of protein without any functional significance 
has little or no harmful effect. 

2. Vital proteins or enzymes in a cell, if affected by 
mutation, may result in cell death. However, ill-effects 
of mutation in a particular defective gene may be 
compensated by the products of its healthy counterpart 

‘ in the other chromosome. 

3, Even when the protein or enzyme products of a cell are 
grossly affected by mutation, these may be supplied by 
other unaffected cells in the body resulting in very little 
harmful effect on the body. 

4, Effect of mutation is most important when it affects the 

germ Cells, i.e. the ova or sperms. Mutations in these 

cells lead to the transmission of the genetic defect to 





cells 


Fig. 2.6: The different phases of mitosis. 


3. This is partly due to the fact that there are several 


mechanisms by which alteration of base sequence is the offspring and even to later generations. 

detected and repaired: As the zygote is the single source, which gives rise to 

a. Firstly, the enzyme DNA polymerase stops linking the offspring by numerous repeated divisions, genetic 
free nucleotides during replication once it comes defect in the germ cell affects all cells of the offspring 


across an inappropriate base-pairing. and lead to major genetic disorders. 


Sometimes a mutation may produce effects which may 
give the individual better chances of survival in adverse 
circumstances. It is the helpful mutation, which has 
probably brought about the evolutionary progress in 
the living world 


B CANCER 


Cell growth due to multiplication of cell is balanced by 
cell destruction under normal conditions. However, if 
due to any cause, growth of cells increases without any 
control and far exceeds cell destruction, an enlarged 
mass of tissue called a Qumor results. 

2. If the tumor grows slowly and remains encapsulated, 
it is called a benign tumor. On the other hand, if it 
enlarges rapidly and spreads to local or distant organs, 
it Is termed malignant or cancerous. 

5. Malignant tumors involving epithelial tissue are known 
as carcinoma whereas others involving muscle and 
connective tssue are known as sarcomas. 

+. The development of cancer usually requires several 
genetic mutations in cancer cells. These mutations 
accumulate over time and are sometimes accelerated 
by various environmental factors, before finally giving 

rise to a malignant tumor. 
It is for this reason that cancer is so common in old 
age. 





Bf FACTORS PREDISPOSING TO CANCER 


1. Jonizing radiation: X-rays, radioactivity, or ultraviolet 
light all ionize tissue cells and can damage DNA strands 
leading to mutation. 

2. Epithelial irritants cause damage and regeneration of 
epithelial cells. The increased number of mitosis makes 
mutation more probable. 

3. Chemical substances like aniline dye may be responsible 
for producing cancer. Cigarette smoke is another 
chemical agent responsible for a variety of cancerous 
processes. Chemical agents producing cancer are called 
carcinogens. 

4. Viruses have been proved to produce malignancies. 
DNA viruses may directly get incorporated into host 
DNA leading to mutation. On the other hand, RNA 
viruses first transcribe DNA from RNA with the help of 
the enzyme reverse transcriptase. 

Then the transcribed DNA is incorporated into host 
DNA causing mutations. 

5. Finally, cancers may be hereditary. The multiple 
mutations required for the development of cancer more 
easily take place when the inherited genes already have 
a few mutations. 
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> Mutations may also have some beneticial effects, B ONCOGENES AND TUMOR SUPPRESSOR GENES 


|. A number of specific genes have been discovered 
having a direct influence on the occurrence Of Cancer 
These cancer-related genes are of two types: 
a. Oncogenes, which are dominant in nature, 
b. Tumor suppressor genes, which are recessive. | 
2, Oncogenes which are mutated proto-oncogenes, give 
rise to cancer directly. In contrast, (tumor suppressor 
genes actually prevent cancer. They may produce 
cancer only when genes in both chromosomes have 
mutation, thus completely abolishing their power to 
suppress tumor formation. 


Bf HORMONES AND CANCER 


Some hormones stimulate cell division and growth of 
organs. Therefore, by increasing the number of mitosis, 
they may enhance the chances of mutation and thereby 
cancer formation. 

A typical example of hormone-related cancer is 
breast cancer. Estrogens have a strong influence on breast 
cancer. This can be proved by the anticancer effect on this 
malignant tumor by tamoxifen, an estrogen antagonist. 

The males suffer from carcinoma of the prostate which, 
in some cases, may be influenced by androgen (male sex 
hormone). This is proved by the temporary improvement of 
this malignancy following orchidectomy or administration 
of gonadotropin-releasing hormone (GnRH) agonists 
in sufficient doses to inhibit luteinizing hormone (LH) 
secretion (both processes reduce secretion of androgens). 


Bf APOPTOSIS 


1. We have seen that cell division and growth are geneti- 
cally regulated. It should be noted that death of cell may 
also be genetically regulated. This type of genetically 
regulated cell death is known as apoptosis. 

2. Apoptosis helps in the process of development and 
differentiation. Some examples of apoptosis are: 

a. The “clonal deletion” of lymphocytes in thymus, 
which prevents autoimmunity, is brought about by 
apoptosis. 

b. The regression of Miillerian and Wolffian ducts 
during gonadal development also takes place by 
apoptosis. 

c. The degeneration of endometrial tissue causing 
menstruation takes place through apoptosis. 

d. Epithelial cells lining the intestinal villi die and are 
regularly shed off into the intestinal lumen. This 
also takes place by the process of apoptosis. 


(For the molecular mechanism of apoptosis, see 
Chapter 109, p. 636) 
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The cell membrane is permeable to some substances 
and impermeable to others. It is permeable to oxygen 
(O,), nitrogen (N,) and carbon dioxide (CO,,). But it is 
impermeable to proteins and organic anions. 


_ It has also very low permeability to relatively large 


molecules such as glucose and also charged particles, 
e.g. various ions. 


. Ions, glucose, and other substances are, however, 


transported across the cell membrane through proteins 
called “transport proteins’. 


_ These transport proteins can be divided into fon 


channels, pumps, and carrier molecules. 


B iON CHANNELS 


These allow passage of ions across the cell membrane. 


These are again of two types: 
1. Leak channels: These channels are constantly open. 


Some of the potassium (K*) channels present in the 
cell membrane come under this category. Due to their 
presence, the cell membrane is normally permeable to 


K* ions. 


- Gated channels: Opening and closure of these channels 


are regulated by gate like extensions of the channel 

proteins. These gates remain in closed or open state 

depending on their conformation caused by their 
electrical state or presence of particular “ligands”. These 
channels, therefore, are of two types: 

a. Voltage-gated channel: In this type of channel, 
change in membrane potential or voltage brings 
about a conformational change which opens or 
closes the gate of the channel. The channels open 
at a particular voltage and close ata different mem- 
brane potential. 

Voltage-gated sodium (Na’) channels responsible 
for the upstroke and voltage-gated K’ channels 


Transport Proteins 
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responsible for the downstroke of action potential 
are two typical examples of voltage-gated 
channels. 

b. Ligand-gated channel: These channels open when 
a particular ligand or chemical substance binds to 
them and produces a conformational change. This 
leads to the opening of gates through which ions 
enter into the channel. 

Acetylcholine-gated ion channel within nicotinic 
receptors in motor endplate of neuromuscular junc- 
tion is an example. On binding with acetylcholine, 
these channels undergo a conformational change 
allowing passage of ions through the channel. 


Different Types of lon Channels 


“1 sm channels: 
a. Voltage-gated Na* channels are proteins with four 


subunits, each of them containing six membrane- 
spanning segments. They surround a central pore. 
These channels are blocked by toxic agents like 
tetrodotoxin or saxitoxin. 

b. A different type of Na* channel is known as epithelial 
sodium channel (ENaC). These consist of three 
subunits, each of them probably containing two 
membrane-spanning segments. 

These channels are inhibited by amiloride, a 
diuretic drug. Hence, they are also called amiloride- 
inhibitable Na* channels. 

They are present in P cells in the collecting ducts 
of the kidney and they play an important role in Na’* 
reabsorption at this site. 

Mutation of genes for ENaC (epithelial Na’ 
channel) may cause a gain (increase) of function of 
the protein. This results in increased reabsorption 
of Na‘ and hypertension due to Na’ retention. This 
is known as Liddle’s syndrome. 
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Je These ave of many different types: 
gated Ke ohannel contains foul 
yyy containing SEX membrane 
rapidly inactivated 
until 


2. Potassium chann 
a One type of voltage 
subunits, each of ti 
SPANNING SORMENLS, These are 
following activation and remains in this state 
repolarization ts complete, 
b. A different type of’ channel is the inward rectifier 
k ohannel. In contrast to the voltage-gated K' chan- 
nels, it consists of four subunits, each of them con- 
raining only two membrane-spanning segments, 
(hor detailed description of K' channels, see 
Chapter 109, p, 637). 
yoride (CL) channels: CL channels may be dimeric 
}aving Nwo subunits) or pentameric (having five sub- 
anits). Dimeric Cl channels, called CIC Cr channels, 
contain two pores in the center of two subunits. In col- 
trast, pentameric Cl channels contain a single cent 
pore surrounded by the five subunits. 
Gamma-aminobutyric acid A (GABA,) and glycine 
receptors contain pentameric Cl channels. They play 
an important role in hyperpolarization and inhibition 


of neurons. 


Selectivity of lon Channels (Fig. 3.1) 


|. lon channels show selectivity, i.e. only Na* ions pass 
freely through Na’ channels whereas K‘* ions pass 
selectively through K* channels only and so on. 

The basis of this ion selectivity has been subject to 
extensive research. It has been shown that K*ion 
channels contain a selectivity filter within the channel 
pore, which permits selective passage of dehydrated K* 
ions (normally, cations like Na* and Kt are hydrated, i.e. 
surrounded by a hydration shell of water molecules). 

3. The selectivity filter is lined by electronegative carbonyl 

oxygen atoms. These carbonyl atoms electrostatically 
replace oxygen atoms of water molecules surrounding 
kK’ ions. This helps in very smooth removal of water 
molecules from the ion during its passage through 
the channel lumen. It is postulated that the lumen 
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Fig. 3.1: Schematic diagram of a potassium channel showing 
dehydrated K’ ions passing through selectivity filter. 
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of selectivity filter fits snugly with the dehydrated \: 
ion. The lon now passes freely through the channe| 
as (tis “energetically comfortable” with or withous 
its hydration shell, Le. equally comfortable whether 
outside or inside the channel. 
4. Na‘ jons cannot pass through the K’ channel although 
the dehydrated Na’ ion is smaller in diameter than the 
K' channel lumen. This is because it is “energetically 
uncomfortable” inside the channel because of the 
increased distance between the channel protein and 
the jon. 
‘Thus, the selectivity filter not only prevents passage of 
larger ions but they also prevent passage of smaller ions. 
This explains the selectivity of ion channels. 
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PUMPS 


These are transport proteins, which actively pump 
substances across the cell membrane against concentration 
or electrical gradient, the energy being derived from 
breakdown of adenosine triphosphate (ATP). So, these 
proteins are usually ATPases. 
1. Na*/Kt-ATPase is one such pump, which pumps 3 Na" 
‘ons out of the cell and brings in 2 Kions inside the cell. 
The energy is provided by hydrolysis of ATP (see p. 25). 
9. H*/K'-ATPase found in the stomach (responsible for 
HCI secretion) is another example. 


Bl CARRIERS 


These are transport proteins, which on binding with ions 
and other substances present outside the cell, undergo 
conformational change. As a result of this, the bound 
substances are released inside the cell. Similarly, carriers 
can also transport substances from cell interior to outside 
the cell. One important type of carrier-mediated transport 


is facilitated diffusion. 


Facilitated diffusion: When an ion or organic molecule is 
transported by a carrier across the cell membrane down the 
concentration or electrical gradient and no external energy 
is required in the process, it is called facilitated diffusion. 

Transport of glucose by glucose transporters, ©-5. 
glucose transporter type 4 (GLUT4) is an example (see also 
later). 

When a molecule moves from a higher concentration t0 
a lower concentration, it is said to move down the concen 
tration gradient. Movement from a lower to higher concen- 
tration is described as against the concentration gradient. 

Again, when a cation moves to an electrically negative 
area, it is said to move down the electrical gradient. An anion 
moving to an electrically positive area will also move down 
the electrical gradient. But, movements in the opposite 
direction, e.g. a cation moving away from an electrically 
negative area, will be against the electrical gradient. 
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B INTRODUCTION 


Several processes are involved in transport across cell 
membrane. These are: 

* Diffusion 

Osmosis 

« Active transport 

« Vesicular transport. 
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B DIFFUSION 


1. The molecules in a substance in gaseous state or in 
solution show random motion in different directions. 

. If there is difference in concentration of the substance 

in two adjacent areas, the number of molecules moving 

away randomly from the area of higher concentration to 

the area of lower concentration will be greater than the 
number of molecules moving randomly in the reverse 

direction (Fig. 4.1). 

3. The net flux of molecules from the area of higher con- 
centration to the area of lower concentration depends 

> difference of concentration between the two 


i) 





BYEAS. 
¢” Fick's law states the principles of diffusion. 

According to this law, where diffusion occurs across 
a membrane from a higher to a lower concentration: 
The net rate of diffusion 


J = ie. > c 
Where, T 
J = The net rate of diffusion 
D = Diffusion coefficient 
A = Surface area of the membrane 
T = Thickness of the membrane 
C,- C,= Concentration difference between two sides of 
the membrane. 
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Fig. 4.1: Arrow A indicates diffusion of molecules from area of 
higher concentration (area 1) to area of lower concentration 
(area 2). Arrow B indicates diffusion in the opposite direction. 
Arrow C indicates net diffusion from area 1 to area 2. 


5. Rate of diffusion of a substance across a membrane is 
proportional to surface area of the membrane. The villi 
and microvilli of intestine greatly increase the available 
surface area for diffusion. As a result of the increased 
surface area, diffusion across the wall of the small 
intestine is greatly enhanced. 

6. Rate of diffusion of a substance across a membrane 
is directly proportional to concentration difference 
between two sides of the membrane. That is why oxygen 
(O,) diffuses rapidly from the alveolar air to pulmonary 
capillary blood as the concentration of O, in the alveolar 
air is much greater than that of capillary blood leading 
to a large concentration gradient. 


©. Rate of diffusion decreases with increase in distance 
of diffusion. The purpose of the extensive network of 
ne capillaries throughout the body is to increase the 
rate of diffusion by decreasing the distance of diffusion 
between blood and tissue cells where exchange of O,, 
carbon dioxide (CO,) and other substances take place 
by diffusion. | 
8. Diffusion coefficient of a substance, again, depends on 
solubility of the substance in the membrane and the 
molecular weight of the substance, 
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Thus, D = ——= 
JMW 
Where, 
S = Solubility of the substance in the membrane 
MW = Molecular weight of the substance. 
This is called Graham's law. Thus, a substance with a 
low molecular weight has high diffusion coefficient. 
9. After molecular collision which occurs during random 
Motion, the heavier molecules move slowly for shorter 
distances. Hence, rate of diffusion decreases as 
molecular weight of the diffusing substance increases. 
Thus, as stated above, rate of diffusion is inversely 
proportional to the square root of the molecular weight 
of the diffusing substance. 
10. It should be noted that diffusion is a passive process 
requiring no external energy. 
11. » is of two types—(1) simple diffusion and (2) 
liffusion. 
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: Tusion does not require a carrier. Simple diffusion 
» take place in two ways. Lipid-soluble substances like O,, 
CO,, and nitrogen (N,) pass easily through cell membrane 
through the lipid bilayer. On the other hand, lipid-insoluble 
substances like water and various ions diffuse across the 
cell membrane through transmembrane channels. 

Water diffuses through cell membrane via water 
channels known as aquaporin. 

Jons may diffuse through cell membrane via 
transmembrane ion channels which often permit passage 
of specific ions selectively (p. 19). Also, passage through 
these ion channels may be controlled by gate-like 
extensions of the channel protein and so the channels are 
called “gated” channels (p. 19). 


_falitate Diffusion 
a. Substances that have relatively large molecular size can- 


not pass through cell membrane by simple diffusion. 
b. So, they require carrier substances, which can transport 
them across the cell membrane down the concentration 
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gradient without requiring any external energy. Thig 
process ls known as facilitated diffuston. | 
¢, As an example, glucose Is transported into muscle 
and adipose tissue by facilitated diffusion, The carrier 
involved is GLUT4 (glucose transporter type 4 protein ), 
_ Unlike simple diffusion, the rate of facilitated diffusion 
is limited by the saturation of carrier proteins. 

‘Thus, if the concentration gradient of the substance 
undergoing facilitated diffusion Is gradually increased, 
a stage will come when all the carrier proteins will be 
saturated and the rate of diffusion cannot rise any 
further, 

. This is in sharp contrast to simple diffusion where the 
rate of diffusion increases steadily with increasing 
concentration gradient (Fig. 4.2). 

Mechanism of facilitated diffusion: The substance 
(molecule) undergoing facilitated diffusion binds with 
a specific binding site in a carrier protein located in the 
cell membrane. This leads to a conformational change 
in the carrier protein. As a result, the binding site is 
switched to the opposite side of the cell membrane and 
the diffusing molecule is now released to the other side 
of the membrane. 

The carrier protein alternates between two positions. 

In one position, it binds with the diffusing substance 

and in the other, it releases the substance on the 

opposite side. 

g. The rate of facilitated diffusion of a substance depends 
on: 

i. The number of free binding sites of carrier proteins. 
When all binding sites are saturated, rate of 
facilitated diffusion cannot rise any further. 

ii. The number of carrier protein molecules in the cell 
membrane. 
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Simple diffusion 


<P ae Facilitated diffusion | 


Flux into cell 


Concentration gradient 


Fig. 4.2: Facilitated diffusion. The flux of molecules in facilitated 
diffusion (dotted line) reaches a maximal value and cannot 
increase any further when all the carriers are saturated. 
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i The maximal rate at which the carrier protein can 


switch between its binding and releasing states. 
Insulin, which stimulates glucose transport inside cells 
through GLUT cartier protein, increases the number 
of carner protein molecules in the cell membrane. 
Thereby, it increases transport of glucose across cell 
membrane, 


B osmosis 
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When a solution made up of a solute and a solvent is 
separated from the pure solvent by a semipermeable 
membrane impermeable to the solute but permeable 
to the solvent, it is found that the solvent flows into the 
compartment containing the solute in solution. 


. This also holds good when both compartments contain 


solutions made up of the same solvent and solute but 
in different concentrations (Fig. 4.3). 

In that case, the solvent will flow through the semi- 
permeable membrane from the side of lower solute 
concentration to the side of higher solute concentra- 
tion. 


. In either case, the process is known as osmosis. It 


may be defined as the passive flow of solvent across 
a semipermeable membrane from a solution with 
lower osmotic pressure to a solution of higher osmotic 
pressure. - 


. When osmotic equilibrium is reached, the fluid level 


in the compartment “A” containing solution of lower 
solute concentration will be lower. In contrast, the fluid 
level in the other compartment “B” containing solution 
of higher solute concentration will be higher as shown 
in Figure 4.3. 

The pressure applied on the fluid contained in 
compartment “B’* sufficient to push back the fluid to its 


Onginal fluid level 
(before osmosis) 


Semipermeable 
membrane 


Fig. 4.3: Flow of solvent from compartment A (lower solute 
concentration) to compartment B (higher solute concentration) 
due to osmosis. 


Chapter 4: Transport Across Cell Membranes 


wT 


original level, is equal to difference in osmotic pressure 
in this case. 


_ Ifthe solvent is water, concentration of water molecules 


is higher in the side with lower solute concentration. 
Conversely, concentration of water molecules is lower 
in the side with higher solute concentration. So, during 
the process of osmosis, water molecules actually 
diffuse through the water-permeable membrane frorn a 
higher concentration to a lower concentration of water 
molecules. This explains why water passes from the 
side with a lower solute concentration to the side with 
a higher solute concentration during osmosis. 


. Osmotic pressure of a solution depends on the concen- 


tration of the solute particles in it, as shawn in Van't Hoff 
equation. This states that: 


b= 
V 


Where, 

P = Osmotic pressure 

n = Number of solute particles 

R = Gas constant 

T = Absolute temperature 

V = Volume of solution (n/V = concentration of solute 
particles). 


. Osmotic pressure is a colligative property of solutions. 


This means that it depends on the number of particles in 
the solution and it is not affected by the size, molecular 
weight, or chemical composition of the particles. 


. Osmotic pressure is expressed in osmoles. Osmolar 


concentration will be different from molar concentration 
of a substance, if it dissociates into more than one 
particle. 

For example, the osmolar and molar concentrations 
of a glucose solution are the same. But, since one 
molecule of sodium chloride (NaCl) dissociates into 
one Na‘ and one CI, i.e. two particles, the osmolar 
concentration of NaCl] solution becomes twice the 
molar concentration. 


. Osmotic pressure of an aqueous solution is measured 


by noting the depression of freezing point. For example, 
an aqueous solution with an osmolality of | osmol/kg 
water depresses the freezing point by -1.86°C whereas 
another solution with an osmolality of 2 osmol/kg 
water depresses the freezing point by -3.72°C. Plasma 
depresses freezing point by -0.56°C. So, it has an 
osmolality of 0.56/1.86 = 0.3 osmol/kg water or 300 
mosmol/kg water. 


. Osmolality of plasma depends on Na’ concentration 


and glucose concentration in plasma. More accurately, 
osmolality of plasma in mosmol/kg water = 2 [Na’| in 
mEq/L + 0.055 [glucose] in mg/dL + 0.36 [blood urea 
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nitragen (BUN)] in mg/dL. Putting the values, plasma 

osmolality comes to about 300 mosmol/kg water 

Using Van't Hoff equation, the relation between 

osmotic pressure gradient and difference of particle 

concentration between two solutions can be deduced. 
Thus, P = (C-C,). RT 

Where, | 

P = Osmotic pressure gradient in mm He 

C.- C.=Difference in particle concentration in 

mosmol 1 

R = The gas constant 

T = Absolute temperature. 

Applied importance: 

a. Osmotic pressure of the plasma determines the size 
ot red blood cells. If osmotic pressure of plasma is 
low then water enters into RBCs and makes them 
swell. Conversely, RBCs shrink in size in hyperos- 
motc plasma. Osmotic fragility is discussed in p. 71. 

5. ¢ Tonicity is the property of an extracellular 

solution to cause change in the cell volume in 
the steady state. 

¢ A solution is said to be isotonic when it causes no 
change in the volume ofa cell. 
in contrast, a hypotonic solution increases and 
a /rypertonic solution decreases the volume of a 
cell. 

¢ Alternatively, tonicity may be expressed a 
osmolality ofa solution relative to plasma. When 
osmolality of a solution is greater than that of 
plasma, the solution is hypertonic. Conversely, 
when osmolality of a solution is less than that 
of plasma, it is hypotonic. A solution is isotonic 
when its osmolality is the same as that of plasma. 

¢ Isotonic fluids such as normal saline, 5% 
dextrose, or ringer lactate are used in intravenous 
infusion. As they are isotonic, they do not expand 
or shrink red blood cells nor there is any osmotic 
fluid exchange between extravascular fluid and 
plasma. 

¢ infusion of hypertonic solution of mannitol is 
sometimes used to remove fluid osmotically, e.g. 
to reduce cerebral edema by osmotic absorption 
of fluid from brain interstitium. 

¢ A particle can give rise to tonicity when it is 

impermeable to the cell membrane. In contrast, a 
particle which is permeable to the cell membrane, 
€.g. urea, Cannot give rise to tonicity. This is 
because it flows across the cel] membrane and 
fails to maintain steady state change in cell 
volume. 

In the capillaries, osmotic pressure plays 

an important role in filtration of fluids. The 
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crystalloids in the plasma freely enter the 
extravascular fluid but the colloidal substan, e 
cannot do 80. 

¢ Thus, both at the arteriolar and venous ends oy 
capillaries, a colloidal osmotic pressure of abou 
25mm Hyg acts inwards toward the lumen of the 
vessel, This counteracts the hydrostatic pressure 
exerted in the opposite direction tending to drive 
out fluid into the extravascular space. 

@ Thus, the shift of fluid from the vascular lumen 
into the extravascular space taking place at the 
arteriolar end or in the reverse direction at the 
venular end, depends on the difference between 
the hydrostatic pressure and colloidal osmotic 
pressure. More accurately, this is governed by 
Starling’s hypothesis (see p. 68). 

¢ Crudely, at the arteriolar end, hydrostatic 
pressure = 32 mm Hg, and colloidal osmotic 
pressure = 25 mm Hg. So, fluid moves out from 
the vascular lumen into extravascular space. 

At the venular end, hydrostatic pressure = 12 
mm Hg and colloidal osmotic pressure = 25 mm 
Hg. So, fluid enters into the vascular lumen from 
the extravascular space. 


1. a. When asubstance or an ion is transported across the 
cell membrane against a concentration or electrical 
gradient with the transport protein directly breaking » 
down adenosine triphosphate (ATP) molecules and 
providing the energy, it is known as primary active 
transport. 

b. The most common example is sodium-potassium — 
adenosine triphosphatase (Na*/K*-ATPase). This is — 
also called Na*-K*-pump (Fig. 4.4). 





Na >@; K>W; @ > arp, © ouabain 


Fig. 4.4: Na’/K'-ATPase. The binding sites of Na’, K", ouabain and 
ATP are shown. 
(ECF: extracellular fluid; ICF: intracellular fluid) 
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c. Itis responsible for maintaining the high intracellu 
lar kK‘ and low intracellular Na‘ concentration. This 


is because it pumps out 3 Na‘ ions from the inside | 


of the cell to the extracellular fluid (ECF) while 2K’ 
ions are transported into the cell. 

d. The energy required for the ionic movements 
against concentration gradient is supplied by the 
ATPase activity, which breaks down ATP molecules. 


. a. Structurally, Na*/K°-ATPase is a protein with a and 


8-subunits. 

b. The a-subunit has intracellular binding sites for 3 
Na‘ ions and an ATP molecule. On the extracellular 
surface, it has binding sites for 2 K*ions and ouabain. 

c. When 3 Na‘ions and one ATP molecule bind to the 
intracellular sites of Na*/K*-ATPase, the ATP breaks 
down and an aspartic acid residue of a-subunit is 
phosphorviated. 

d. This produces a conformational change in the 
molecule and the 3 Na*ions are extruded out of the 
cell. 

e. The 2 K* ions now bind to the outer surface 
of the molecule. This dephosphorylates the 
phosphorylated aspartic acid. The energy released 
causes another conformational change which 
results in the entry of the 2 K*ions into the cell. 

f. Digitalis and ouabain bind to a receptor on the 
outer surface of Na*/K*-ATPase. It interferes with 
the dephosphorylation step in the action of the 
pump and the pump is inhibited. 


. Function of Na*/K--ATPase: 


a. It plays an important role in producing a high 
extracellular [Na*] while maintaining a high 
intracellular [K*] concentration. 

b. A Na*/K--ATPase pump has electrogenic effect. As 
it pumps 3 Na’ ions out of the cell and brings in 2 K* 
ions inside the cell, operation of this pump leads to 
net loss of cations from the cell. This would give rise 
to intracellular electronegativity. This constitutes 
a minor component contributing to the normally 
negative resting membrane potential of excitable 
cells. 

c. Another important function of Na*/K*-ATPase is 
that it helps in maintaining normal cell volume. 

Cells contain impermeable protein and other 
organic anions along with cations like K* in large 
quantities, All these ions are responsible for 
intracellular osmolarity. 

If the intracellular osmolarity increases, e.g. due 
to Donnan forces, (see p. 35) water is drawn into the 
cell due to osmotic effect. If unchecked, this would 
lead to swelling of cells with possibility of lysis. 
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However, the Na’/K'-ATPase pump counters this 
potentially harmful effect by pumping 3 Na‘ ions out 
of the cell while bringing in 2 kK’ ions inside the cell. 
This net extrusion of cations with loss of particles 
from the cell helps in decreasing the intracellular 
hyperosmolarity, Also, the Na‘ ions once pumped 
out, unlike K‘ ions, cannot easily return into the 
cell as the cell membrane is highly impermeable 
to Na‘ ions. This fact further helps in decreasing 
intracellular osmolarity. 

d. The concentration gradient of Na‘ across the cell 
membrane caused by Na‘*/K’-ATPase helps in 
secondary active transport (see later). 

4. Other examples of primary active transport are K*-H’- 
ATPase present in the HCl-secreting parietal cells of 
the stomach, SERCA (sarcoplasmic and endoplasmic 
reticulum Ca*t-ATPase) present in the sarcoplasmic 
reticulum of muscle cells (which lower the cytosolic 
Ca** concentration by pumping Ca* ions back into the 
terminal cisterns). 


Active Transport (Fig. 4.5) 


en a substance or an ion is transported across a cell 
membrane against electrical or chemical gradient, the 
energy being supplied by concentration gradient of 
a separate substance, usually Na‘ ions, it is known as 
secondary active transport. Examples are: 


1. Na*-glucose symport 
a. It is found in the proximal tubular cells of the 


kidney and also in the gastrointestinal (GI) tract. 
It transports Na* and glucose across the luminal 


membrane. 


Glucose 


Na’ 





Fig. 4.5: Secondary active transport showing Na‘-glucose 
cotransporter (symport) at the luminal membrane and Na*/K’- 
ATPase at the basolateral membrane of the cell. 

(Na‘/K'-ATPase: sodium-potassium adenosine triphosphatase) 
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bh A Nav Ke-ATPase pump located at the basolateral 
membrane of the epithelial cell pumps out Na’ 
from the evtosol bringing down intracellular Na’ 
Ooncentration 

As a result, a steep concentration gradient ot Na’ 
ions is produced across the luminal membrane of 
the epithelial cell. 

G Alsa. as the cell interior is electrically negative to the 
himven, Na’ ions have an electrical gradient directed 
toward the cell Interior 

his combined electrochemical gradient torces 


e. 
Na’ ians to enter into the cell across the luminal 


‘ 


membrane, 

i The Na‘’-ghacose transporter protein (SGLT) 
mvolved in transfer of Nations into the cell uses 
the energy of the electrochemical gradient of Na’ 
in transporting glucose molecules uphill (against a 
concentration gradient), 

> This indirect mode of active transport is called 
secondary active transport. 

». It should be noted that in Na*-glucose symport, 
entry of Na* and glucose into the cell will occur only 
when both Na‘ ion and glucose molecules attach 
to the Na*-glucose transporter. In other words, Na‘ 
transport into these cells will be facilitated not only 

by the electrochemical gradient of Na’, but also by 
the presence of glucose molecules. 

i. This very fact is utilized in preparing oral rehydra- 
tion salt (ORS) used to counter Na’* and water loss in 
diarrhea. These ORS formulations not only contain 
NaCl, which provide Na‘ ions but they also contain 
slucose in sufficient quantities to enhance Na‘ ab- 
sorpuon. 

2. Na°-H~ antiport: In some cases of secondary active 
transport, the energy of electrochemical gradient of 
one substance is used to transport another substance 
in opposite direction, e.g. Na*-H* antiport in proximal 
tubular cell of the Kidney. 

Here, H” ions are actively moved out of the cell into 
the tubular lumen in the opposite direction of Na* 
ion movement. Movement of H’* ions in the opposite 
direction is driven by the energy of electrochemical 
gradient of Na* (just as in Na*-glucose symport), which 
drives Na’ ions into the cell. 


Tertiary Active Transport 
Tertiary active transport is a form of active transport in 
which an additional step is added to secondary active 
transport. 

This is seen in case of transport of peptide molecules 
across the intestinal epithelium. Here, three reactions take 


place sequentially. 
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Hirstly, the basolateral Na'/K'-ATPase of the epithelia, 
cell pumps 3 Na’ fons oul of the cell and creates a Na’ gra, 
dient across the luminal membrane of the epithelial cel] 

Next, in the second step, H' tons inside the cell are 
countertransported Into the lumen in exchange of Na’ iong, 
which enter into the epithellal cell from the lumen down 
the electrochemical gradient, The luminal H’ concentration 
increases as a result, 

In the third step, the FI’ ions move back into the 
epithelial cell down a concentration gradient drawing the 
peptide molecules uphill into the epithelial cell via Hr. 
peptide symporter across the luminal membrane. 


Uniport, symport, and antiport 

* Uniport: When a carrier protein transports a single 
substance, itis called a uniport, e.g. GLUT transporters, 
which transport only glucose across cell membrane. 

“ Symport: When a carrier protein transports two or 
more substances in the same direction, it constitutes 
a symport, e.g. Na'-glucose symport. 

* Antiport: When a carrier protein transports two 
substances in opposite direction, it is known as antiport, 
e.g. Na‘-H' antiport in proximal convoluted tubules in 
the kidney (see above) or Na’- K*-ATPase pump. 


§ VESICULAR TRANSPORT 


Large molecules like proteins are too big to pass through 
channels or bind with carriers. Hence, they are unsuitable 
for these forms of assisted transport. It is through vesicular 
transport that these substances are transported into or out 


of the cell. 
It is of two types—(1) exocytosis and (2) endocytosis. 


Exocytosis 


1. Through this type of vesicular transport, proteins 
or chemical substances secreted from the cell are 
discharged to the cell exterior. 

2. The proteins are secreted from granular endoplasmic 
reticulum and then pass through the Golgi apparatus 
where they are processed. From the trans-end of the 
Golgi apparatus, they enter into secretory vesicles. 

3. These vesicles may then be transported to the cell 
membrane without further processing. This is known as 
the constitutive pathway. The membranes of the vesicle 
fuse with the cell membrane with the discharge of their 
contents outside the cell. 

4. On the other hand, in the nonconstitutive pathway, 
proteins are contained in the secretory vesicles, which 
come out from the Golgi apparatus. Here these proteins 
undergo further processing and maturation. After this, 
the secretory vesicles fuse with the cell membrane and 
their contents are discharged to the cell exterior. 
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Endocytosis 


Endocytosis is of two types: 
I. Phagocytosis: Itis the process of internalization of large 


particles like bacteria, viruses, etc. by specific cells with 
phagocytic properties, e.g. neutrophils or macrophages. 


. Pinocytosis: In this process, there is internalization 


ot solute macromolecules along with fluid. The 

pinocytotic vesicles are very small, seen only through 

electron microscope. 

1. Thetwoimportant differences between phagocytosis 
and pinocytosis are: 

a. Bigger particles of viruses or bacteria are ingested 
by phagocytosis whereas large macromolecules 
are internalized by pinocytosis along with fluid. 

b. Phagocytosis occurs only in phagocytic cells, e.g. 
neutrophils or macrophages whereas pinocytosis 
can occur in any cell. 

2. Pinocytosis is of two types: 

a. Fluid state pinocytosis: It is a process in which a 
macromolecule is taken up nonselectively along 
with fluid. 

b. Absorptive pinocytosis: In absorptive pinocytosis, 
also known as receptor-mediated endocytosis, 
specific macromolecules are selectively taken 
up. These molecules bind to specific receptors 
on the cell membrane and lead to invagination 
of the membrane. 

Clathrin, a three-legged filamentous protein 
molecule, coats the cytoplasmic surface of the 
invagination which is, therefore, called coated 
pit. Ultimately, the invagination is pinched off 
forming an endocytotic vesicle containing the 
macromolecule attached to receptors. A protein 
called dynamin plays an active role in the “pinching 
off” process. At the completion of the endocytotic 
process, clathrin molecules and receptor proteins 
are recycled and they return to the cell surface and 
the process continues. 

3. An example of receptor-mediated endocytosis is 
cellular uptake of cholesterol in case of atheroscle- 
rosis. 


4. The phagocytic process is somewhat different. Here, 


as the large particle binds to the cell surface, the cell 
membrane evaginates on two sides of the particle 
and surrounds it forming a phagocytic vesicle. 
Contractile proteins then gradually pull it inwards. 
Next, the stem is pinched off freeing the vesicle 
totally from the cell membrane. The phagocytic 
process removes extracellular debris, senile cells 
like old RBCs, hostile microorganisms, and dying 
apoptotic cells. 
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Note: Exocytosis adds membrane to the cell surface 
whereas endocytosis retrieves membrane from cell 
surface, Hence, these two processes should be accurately 
balanced so that the area of cell surface rernains constant. 
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B HOMEOSTASIS 


Constancy of the internal environment (which is called 
milieu intérieur) is essential for normal functioning 
of the body. Various functions of the body, regulated 
by appropriate control mechanisms, are continuously 
operating to maintain this constant internal environment. 
These processes are collectively known as homeostasis, a 
term coined by WB Canon. 

Numerous physiological processes involving different 
organ systems are examples of homeostatic mechanisms. 
Some of these are mentioned below: 

1. Extracellular fluid surrounds a cell and forms its 
immediate external environment. Constancy of ECF 
is a must for normal cellular function. A number of 
homeostatic mechanisms are in operation to maintain 
the constancy of ECF composition, e.g. its pH, Na” 
concentration, K~ concentration, etc. 

2. The body must obtain regular supply of various 
nutrients and O, to meet its total energy requirement. 
The alimentary system digests food, which is absorbed 
in the form of simple nutrients such as glucose, amino 
acid, and fatty acid. At the same time, the respiratory 
system of the body delivers required amount of O, to the 
body. These functions of the alimentary and respiratory 
systems are part of homeostasis. 

3. As fallouts of various metabolic processes, various 
waste products along with CO, are produced in the 
body and they need prompt removal. Removal of waste 
products is done by the kidneys whereas CO, is excreted 
by the lungs. These are also examples of homeostatic 
functions. 

4. The nervous system and the endocrine system 
coordinate and control various homeostatic functions. 
The nervous system receives information through its 
sensory part, integrates the information and sends out 
commands through motor signals. The nervous system 
mainly controls muscle activity whereas the endocrine 
system regulates metabolic functions of the body, e.g. 
glucose metabolism (insulin), Na’ and K* concentration 
(aldosterone) or Ca and P metabolism (parathormone). 


Feedback Control in the Body 


The controlling functions of the body are exerted through 
two types of feedback—(1) negative feedback and (2) 
positive feedback. 








Negative Feedback 

In this type of regulation, when there is excess or deficiency 
of a certain substance or factor, a series of changes is 
initiated, which results in restoration of the factor toward 
its mean value. 

An example of negative feedback (which is much more 
common than positive feedback) is the maintenance of 
blood pressure (BP) by baroreceptor reflex. When there is 
a rise in BP, the baroreceptor reflex initiates changes which 
bring back BP to its original mean value (p. 218). The same 
is true when there is a fall in BP. 


Positive Feedback 


Here. when there is excess or deficiency ofa factor, changes 
are initiated, which further increase the difference of the 
factor from the mean value. This is also known as vicious 
cycle as generally it causes destabilization of the system 
and may even result in death. For example, myocardial 
.k pumping of the heart — further decrease 
3 | ow — further weakening of cardiac 
contracnto!l 


lal ely death. 
However, some types of positive feedback are beneficial 
to the body. Following are some examples: 


1. Depolarization in action potential (AP) — opening 
of Na* channels — further depolarization — further 
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_channels. This causes upstroke of AP 


opening of Na’ 


(p. 37). | 
During childbirth, oxytocin stimulates uterine 


contraction — the fetus descends and stretches the 
cervix —» afferent signals from cervix stimulate further 
secretion of oxytocin further contraction of uterus 
and descent of fetus — this continues until birth of the 


baby (p. 397). 


. 


_ Digested products of protein and fat in the intestine 


stimulate secretion of cholecystokinin-pancreozymin 
(CCK-PZ) — secretion of enzymes which digest protein 
and fat > further accumulation of products of protein 
and fat digestion — further secretion of CCK-PZ. This 
continues until the food passes out of the intestine 
(p. 285). 


. In coagulation, injury to the blood vessel activates 


thrombin —> activation of other clotting factors by 
thrombin, which leads to further production of 
thrombin — the clotting process is enhanced. 


_ In luteinizing hormone (LH) surge, rise in estrogen 


level for prolonged period stimulates secretion of LH 
(normally LH is inhibited) — LH stimulates further 
secretion of estrogen — further secretion of LH > 
ultimately, a high level of LH is reached (LH surge), 
which induces ovulation (p. 456). 
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. Long questions: 


\. Discuss the different types of membrane transport 
acting across the cell membrane. 

2. Give a brief account of cell junctions. What is gap 
junction? 

. Write short notes on: 

1. Gap junction 

2. Apoptosis 

3. Secondary active transport 

4. Facilitated diffusion 


. Explain why: 
1. Gap junctions are essential for the ‘functional 
syncitium observed in the heart. 


2. Molar solutions of NaCl and glucose do not have the 
Same osmolarity. 


. Multiple choice questions (MCQs): 


1. How much of total body water is ECF volume? 
a. One-fourth 
b. One-third 
c. Two-third 
d. None 


2. All are true about total body water (TBW) except: 
a. ICF is two-third of TBW 
b. Premature newborns have more TBW 
c. Interstitial fluid is 20% of body weight 
d. In adults, TBW is 60% of body weight 
3. Which of the following measures ECF volume most 
accurately? 
a. D.O 
b. Inulin 
c. Mannitol 
d. Aminopyrine 


4. Regarding transport across the cell membrane, true 
is: 
a. Cl with glucose symport 
b. Cl with glucose antiport 
c. Na* with glucose symport 
d. Na* with glucose antiport 
5. Osmolality is equal to: 
a. Number of osmole/liter 
b. Number of osmole/kg 
c. Weight of solute per liter 
d. None 


6. Which of the following can be termed as peripheral 
proteins in cell membrane? 
a. lon channels b. Pumps 
c. Adhesion molecules d. None 


7, Lipid bilayer of cell membrane is characterized by: 
a. Symmetrical arrangement in composition 
b. Asymmetrical arrangement in composition 
c, Amphipathic lipids not seen 
d, None of the above 
8. Site of attachment of ribosomes: 
a. Nucleus 
b. Rough endoplasmic reticulum 
c, Smooth endoplasmic reticulum 
d. Golgi apparatus 
9. Which of the following is responsible for cell motility? 


a. Motilin b. Tubulin 

c. Laminin d. Clathrin 
10. What is the function of ubiquitin? 

a. Synthesis b. Binding 


c. Degradation d. Conjugation 


MCQs Answers 


1. Ans. b. Extracellular fluid constitutes one-third of total 
body water, i.e. 14 Lin a 70 kg man (20% of body weight). 

2. Ans. c. ICF is 28 L, i.e., two-third of total body of water 

(42 L). Premature newborns have proportionately more 
TBW. Intersttial fluid is 75% of ECF (14 L) = 10.5 L=15% 
of body weight. 

. Ans. b. Inulin is used to measure ECF. (D,O is used to 

measure total body water). 

4. Ans. c. Na* and glucose are transported in the same 
direction across the luminal cell membrane. Thus, it 
forms a Na*-glucose symport. 

5. Ans. b. Osmolality is defined as number of osmole/ 
kg whereas osmolarity is number of osmole/L. Since 
1 L of water has a weight of 1 kg, usually osmolarity and 
osmolality have the same value. 

6. Ans.c. lon channels and pumps are membrane-spanning 
integral proteins whereas adhesion molecules (CAMs) 
link the peripheral parts of adjacent cell membranes and 
they are peripheral proteins. 

7. Ans. b. Lipid bilayer shows asymmetrical arrangement 
with choline-containing phospholipids predominantly 
present in outer layer whereas aminophospholipids 
are mostly present in inner layer. The cell membrane 
contains phospholipids which are amphipathic in nature 
having both hydrophilic and hydrophobic ends. 

8. Ans. b. Ribosomes are attached to rough endoplasmic 
reticulum. (They synthesise proteins that enter into the 
lumen of the reticulum). 

9. Ans. b. Tubulins are present in microtubule which play a 
role in cell motility. 
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10. Ans. c. Proteins, conjugated to ubiquitin, are marked for 


degradation. 
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9. Resting Membrane Potential 

6. Action Potential 

7. Neuromuscular Junction 

8. Mechanism of Muscle Contraction 
9. Properties of Skeletal Muscle 
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]. Resting membrane potential (RMP) is the difference 
between electrical potential existing on the outside and 
inside of a cell at rest. RMP varies in different types of 
cells. 

2. In anerve, usually it is -70 mV. In a skeletal muscle, it is 
about -90 mV. In intestinal smooth muscle, it is about 
-50 mV. 

3. It can be measured by applying one electrode on the 
outer surface of the cell membrane and another elec- 
trode in the interior of the cell and connecting the two 
electrodes to a cathode ray oscilloscope (CRO) (Fig. 5.1). 
In CRO, a beam of electrons emitted from the cathode 

strikes a screen producing a visible effect. One pair of 
vertical plates and one pair of horizontal plates are placed 
around the electron beam. Potential difference across the 
horizontal plates leads to deflection of the beam in the 
vertical axis. Amplitude and direction of this deflection 
depends on the size and polarity of the potential difference 
between the horizontal plates. During estimation of 
membrane potential, the horizontal plates are connected 


Horizontal plate 









Vertical plate 


Fluorescent screen 


| Amplifier 


Excitable cell 
Fig. 5.1: Cathode ray oscilloscope. 


Resting Membrane Potential 





to the electrodes placed on the surface and interior of 
the excitable cell via an amplifier. A gradually increasing 
voltage with periodic interruptions (“saw-tooth” voltage) 
produced by an electronic sweep circuit, is applied to the 
vertical plates. This causes the electron beam to sweep 
across the screen horizontally at a certain speed. 

Thus, very small potential difference between two 
points can be recorded in the CRO. This is done by 
connecting two electrodes applied to these two points 
to the horizontal plates of the CRO through a suitable 
amplifier. 


Mf CAUSE OF THE RESTING MEMBRANE POTENTIAL 


1. The intracellular and extracellular concentration of 
Nat, K* and Cl-ions are different (Table 5.1). Also, the 
permeability of the cell membrane to the individual 
ions is also different. These two factors are mainly 
responsible for the magnitude of RMP. A fuller 
explanation follows. 

2. [K*] inside the cell is 155 mEq/L and [K*] outside the 
cell is 4 mEq/L. ([| denotes concentration). As the cell 
membrane is freely permeable to K* ions, K* tends to 
move out of the cell along the concentration gradient. 

3. But, as Kt moves out of the cell, the interior of the cell 
becomes negatively charged due to loss of cations. This 
could have been prevented: 

a. If Nat ions entered into the cell but the cell 
membrane is impermeable to Na‘' ions. 


Table 5.1: lonic composition of extracellular fluid (ECF) and 





intracellular fluid (ICF). 


lon ECF concentration (mmol/L) _ICF concentration (mmol/L) 
Na* 150 15 
K’ 4 155 
cl 110 10 


NET) 
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b. Protein anions inside the cells could have moved 
out to neutralize intracellular negativity. But they 
are too large to pass through the cell membrane. 

c. Cl ions also cannot move out of the cell against the 
steep concentration gradient. 

So, intracellular negativity persists. 


4. This intracellular negativity will attract the outgoing 


positively charged K* ions towards the interior of the 
cell due to electrical gradient. So, two forces act on K° 
ions. One due to concentration gradient is pushing K° 
ions out of the cell. The other due to electrical gradient 
is attracting K* ions towards the interior of the cell. Ata 
particular electrical potential, these two forces balance 
each other and an equilibrium is established. This is 
known as the diffusion or equilibrium potential of K’. 


5. This can be mathematically derived from Nernst 


equation. According to this, 
K: 

RT IK’ 

[K"], 


“7 
Where, 

EF. = Equilibrium potential of K- ions 

R = Gas constant 

T= Absolute temperature 

F = Faraday (1 Faraday = 96,500 coulomb) 
Z = Valency of K* 

In = Natural log 

[K*], = K* concentration outside the cell 
[K]. = K* concentration inside the cell 
Applying the values, this comes to, 





[K™ I, 
E, =61.5log,, Ke] mV 


4 
=61.5log,, —-mV 
810 155 


=-—90 mV (approx) 


6. In contrast to K* ions, Na‘ ions have electrical gradient 


and concentration gradient both directed to the inside 
of the cell. (As the interior of the cell is electrically 
negative due to K* exit, electrical gradient of cationic 
Na’ ions is directed inward. Again, as extracellular fluid 
(ECF) [Na*] is much higher than intracellular [Na’], 
concentration gradient of Na’ is directed towards the 
interior of the cell). 

From Nernst equation, we get (by calculation) 

E.,=+65 mV 

Similarly, E.,=-70 mV 


7. So, K* ions tend to move the RMP to its equilibrium 


potential (E,), i.e. -90 mV. On the other hand, Na’ ions 
tend to pull the RMP in the opposite direction to Ew 
which is +65 mV. Similarly Cl ions try to maintain the 
RMP at its own equilibrium potential which is -70 mV. 





Cl ion does not have a pump to influence its distr}. 
bution unlike Na’ and K’ ions. So, it cannot influence 
RMP. On the contrary, it is passively distributed jy, 
accordance with RMP. 

Thus, the intracellular negativity of RMP forms 
an outward electrical gradient repelling Cl to the 
cell exterior and producing a high extracellular C]- 
concentration. This again leads to an inwardly directed 
concentration gradient of Cl ions. The two gradients 
balance each other at equilibrium. 

Thus, disparity of Cl- ion on two sides of the celj 
membrane is caused passively by RMP. 

To sum up, Cl ion, in absence of a Cl pump, has 
no active influence on RMP and it is just passively 
distributed on two sides of the cell membrane in 
accordance with RMP. 


. Now, the resultant RMP depends on the permeability 


or conductance of the individual ions. 

As the K* ion is 10-25 times more permeable than 
Na‘ ion, the resting membrane potential is much closer 
to E, than E,. Actual RMP stands at -70 mV in a nerve 


cell. 


. It can be mathematically derived from Goldman 


constant-field equation, or Goldman-Hodgkin- Katz 
equation which states that, 
_RT P.[K7], +Py,[Na”], +P, [Cl], 
FP. {K*], +P,,[Na‘], +P, [Cl], 
Where, P stands for permeability, “o” and “i” stand 
for outside and inside respectively and third brackets 
indicate concentration. 


Note: In skeletal muscle, the values of E,, E., and E,, are 
slightly different, e.g. E, = -100 mV, E,, = 55 mV, E,= 
-86 mV. So, RMP of skeletal muscle differs slightly from 
that in a nerve and its value is about -90 mV. 


10. It should be noted that at RMP, neither K’ ions nor 


Na’ ions are at their equilibrium potential. So, there is 
movement of Na’ ions into the cell and K’ ions out of 
the cell. However, this does not alter the intracellular or 
extracellular Na’ and K* ion concentrations significantly. 
This is because Na*-K*-ATPase pumps constantly pump 
out Na’ out of the cell and bring K’ into the cell. This 
maintains ionic balance. 


. A small part of the RMP is contributed directly by the 


electrogenic Na’ -K*-ATPase pump which drives out 3 Na’ 
ions from the cell and brings 2K’ ions into the cell. This 
causes slight intracellular negativity due to loss of cations. 

Although, the direct contribution of Na’-K*-ATPas¢ 
pump to RMP is small, it has a far more importar! 
indirect role in the genesis of RMP. This is because it plays 
a pivotal role in maintaining concentration gradien's 
of Na’ and K’ ions across cell membrane. 
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12. A drug that blocks Na'-K'-ATPase has only slight 
immediate effect on RMP due to abolition of the small 
electrogenic effect. But when such a drug acts for a 
prolonged period, the RMP will slowly disappear, This 
is because, in the absence of Na'-K'-ATPase activity, 
Na’ and K* ion concentrations on the two sides of 
cell membrane will gradually become equal. So, the 
concentration gradients of these ions across the cell 
membrane, so essential for maintaining the resting 


membrane potential, will cease to exist and RMP will 
disappear. 


Although the direct electrogenic contribution of Na'- 
kK°-ATPase to RMP is generally small, in smooth muscle, 
however, Na*-K*-ATPase has a much more significant 
effect on RMP. Thus, it directly contributes to about 20 
mV of smooth muscle RMP. 

So, a drug inhibiting Na*-K*-ATPase will cause a large 
depolarization that will facilitate formation of an AP. This 
is probably the underlying mechanism by which cold, 
which inhibits Na*-K*-ATPase, produces an AP causing 
contraction in vascular smooth muscle, thus producing 
cold-induced vasoc iction. 





1. When two solutions containing various ions are sepa- 
rated by amembrane which is permeable to some ions 
but impermeable to others, the diffusible anions and 
Cations at equilibrium are distributed in a concentra- 
tion ratio which can be mathematically determined. 

2. In Figure 5.2, two separate fluid compartments A and B 
are separated by amembrane which allows movement 
of K- and CI through it but is impermeable to the anion 
A’ which is present in compartment A. 

3. Let us suppose that initially, the sums of anion and 
cation concentrations in both compartments are equal. 

So, initially, [Cl] in side A is less than [Cl‘] in side 
B, as [Cl] + [A] in side A = [CI] in side B. ([] denotes 
concentration). 

Therefore, Cl ions will diffuse from side B to side A. 
To maintain electroneutrality, equivalent amount of K* 
ions will flow to side A. 

So, at equilibrium, [K*] in side A > [K’] in side B. 

Again, [K*] + [Cl] + [A] in side A > [K*] + [Cl] in side B. 

This proves that side A containing the nondiffusible 
anion has a higher osmolality than side B. So, fluid 
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Fig. 5.2: Two compartments A and B, both containing K’ and 
Cl which can freely diffuse across the intervening mernbrane. 
The membrane Is impermeable to the anion A which is inside 
compartment A. 


(solvent) will tend to flow into side A from side B due 
to osmosis. 

4. The two scientists Gibbs and Donnan showed from 
mathematical calculation that the concentration ratio 
of the diffusible ions will be as follows: 


K'], [er], 





IK], [c], 
Or, [K*], x [Cl], = [K*], x [CI], 
This is known as Gibbs-Donnan equation. 


5. There are two important effects of Donnan equilibrium: 
a. In the body, the cells contain nondiffusible protein 
anions in significant amounts along with other 
diffusible ions. So, they behave as side A shown 
above. 

As the cells contain greater amount of osmotic 
particles, water tends to enter into them and 
swell them up. But, Na’-K'-ATPase opposes this 
tendency by pumping Na’ ions out of the cell in 
greater amounts than entry of K’ ions into the cell. 
In this way, Na'-K'-ATPase, by reducing number of 
intracellular osmotic particles, helps in maintaining 
osmotic equilibrium. 

b. Due to unequal distribution of cations and anions 
across the membrane at equilibrium, an electrical 
potential difference across the membrane is set 
up in accordance with Nernst equation. Thus, in 
Figure 5.2, side A will be electrically negative to side 
B. This means that Donnan forces, to some extent, 
contribute to intracellular negativity of RMP. 
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The sequential change in membrane potential due to 
opening and closure of various ion channels and its 
propagation along the excitable tissue in undiminished 
intensity is known as action potential (AP). 


. The propagating character of AP helps in carrying 


information from one place of the body to another very 
quickly. This enables the excitable tissues like nerve and 
muscle to act very quickly in response to stimulus. 

This not only helps in coordinating their activities 
but also makes instantaneous responses like the various 
reflexes possible. 


. Atresting membrane potential (RMP), the inner surface 


of the cell membrane is negatively charged while the 
outer surface is positively charged. This state of the cell 
membrane is termed “polarized” But with the onset 
of AP, this polarity is reversed. Now, at a particular 
point, the inner surface of the cell membrane gradually 
becomes positive and outer surface gradually becomes 
negative. As the polarized state is reversed, this is called 
depolarization. Subsequent recovery of the polarized 
state when the intracellular negativity gradually 
reappears at this point, is called repolarization. 


. An AP is best demonstrated by intracellular recording. 


In this, a glass microelectrode is inserted inside the 
excitable cell while another electrode is placed on the 
cell surface. The two electrodes are now connected to 
a cathode ray oscilloscope (CRO) (Fig. 6.1). 


Note: In contrast, in extracellular recording, both 
electrodes are placed on the outer surface of the cell. 


. The tip of the intracellular microelectrode has a 


diameter less than 0.5 ym. When the microelectrode 
enters inside the cell, it records a RMP of about -70 to 
~90 mV, depending on the tissue. 


. The electrodes connected to the cathode ray oscilloscope 


are called recording electrodes. They record the 
potential changes graphically. The excitable tissue is 
stimulated by a different pair of stimulating electrodes. 
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Action Potential 





Now, the description of an AP which occurs in a nerve 
cell (axon) follows. 


. As soon as a stimulus is given, a notch appears in the 


record. This is due to leakage of current from stimulating 
electrode to recording electrode. This is called stimulus 
artifact. It denotes the time of application of the 
stimulus. 


. This is followed by a short interval before depolarization 


starts. It is called the latent period. The electrical poten- 
tial remains unaltered (at RMP) during this period. 

Actually, this is the time taken by the electrical 
impulse to travel from the stimulating electrode to the 
recording electrode. It is, therefore, proportionate to 
the distance between the stimulating and recording 
electrodes. It also varies inversely with the velocity of 
impulse conduction along the axon. 


. Atthe end of latent period, the membrane depolarizes. 


The first 7 mV of depolarization is entirely passive 
without any active participation of cell membrane. This 
small depolarization occurs due to electrotonic changes 
(see below). 
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Time 


: The various phases of action potential in a nerve. 


When the depolarization is in the range of 7-15 mV, 
the voltage-gated Na’ channels open causing entry of 
Na’ ions into the cell. However, the consequent slight 
intracellular positivity causes exit of K' ions from the 
cell and entry of Cl into the cell. 

At this stage, these repolarizing forces are greater 
than the depolarizing force. So, the depolarization 
cannot take the upper hand. This phase is known as 
the local response (vide infra for details). 

- But, asthe membrane potential reaches about -55 mV 
in a nerve cell (firing potential), large number of 
voltage-gated Na* channels open up simultaneously. 
This causes explosive entry of Na* ions into the cell. 
As a result, the membrane potential rises steeply 
towards “0” It then crosses the “0” level and stops 
at +35 mV. 

This sharp rise of membrane potential is termed 
“upstroke”. The portion above the “0” level is called 
overshoot. 
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The explosive entry of Na* ions into the excitable cell 
during upstroke of AP is an example of positive feedback. 
As Na’ ions enter into the cell, there is depolarization of 
the cell (membrane potential becomes less negative). This 
depolarization causes further opening of Na* channels, 
more entry of Na’ ions and further depolarization. Due 
to this positive feedback effect, depolarization proceeds 
at a rapid rate. 

These Na‘ ion channels are called “fast” channels as 
they allow rapid entry of Na* ions and rapid depolarization. 
That is why the upstroke produced by rapid Na’ entry 
through these fast Na’ channels is steep, almost vertical. 


11. As the Na* channels are fully open during upstroke, 
the membrane potential should have reached the 
equilibrium potential of Na*, which is about +65 mV. 
But, in reality, the overshoot stops at +35 mV. 

This is due to the following factors: 

a. There is inactivation of Na* channels, which is time 
and voltage-dependent. 

The Na‘ channels remain open for a limited time 
period. After this, they spontaneously close, even 
before reaching the equilibrium potential. ‘This is 
known as time-dependent closure of Na* channels. 

Again, the Na* channels close at a relatively 
positive voltage and remain inactivated until the 
membrane potential returns to RMP. This is the 
voltage-dependent closure of Na’ channel. 

b. Entry of Na’ ions into the cell in large amounts 
reverses the electrical gradient. As the inside of the 
cell becomes positive during overshoot, further 
influx of Na‘ ions is now opposed. 

c. Efflux of K* ions begins towards the end of this stage. 
With the efflux of K’ ions, the interior of the cell 
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further progress of depolarization beyond +35 mV. 


Inactivation of voltage-gated Na‘ channel is a time- 
dependent process in which the ton channels, after 
remaining open for a short, fixed period, apparently 
undergo spontaneous closure. 

Inactivation of voltage-gated Na* channel takes place 
when an extension of the ion channel protein closes the 
inner cytosolic end of the channel like a ball attached to 
a chain. Alternatively, inactivation may also be caused by 
a narrowing of the channel by molecular rearrangement. 


12. Downstroke: At the end of upstroke, the voltage- 
dependent K* channels begin to open. K* exits from 
the cell down the concentration gradient. Due to the 
efflux of K* ions, the interior of the cell tends to become 
negative and repolarization begins. This also marks the 
commencement of downstroke (Fig. 6.2). 

. The repolarization process is very fast at first, causing 
the initial rapid fall of membrane potential. However, 
the last part of repolarization is very slow and extends 
for about 4 ms. This is known as after depolarization. 

_ The K* channels remain open for a very long time 
and K* exit continues. The membrane potential goes 
below the baseline (undershoot) and the cell remains 
hyperpolarized for about 40 ms. This is the period of 
after hyperpolarization. 


Note: The durations of after depolarization and after 

hyperpolarization may vary depending on the type 

of neuron. 
The rapid upstroke followed by the sharp fall is known 
as the spike potential. The Na* channels have two gates. 
m gate is present on the outer surface and h gate lies in 
the inner surface of the cell membrane (Fig. 6.3). 

The K+ channel has a single n gate on the outer 

surface of the cell membrane. 
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tends to become electrically negative. This prevents 
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Fig. 6.3: The positions of *m" and “h” gates of voltage-gated Na° | 
channel at resting, open, and inactivated state are shown. | 


The Na* channel is open when both m and h gates | 
are open. At rest, the m gate is closed but h gate remains | 
open. At the firing level, both m and h gates open | 
and massive Na’ influx occurs. During overshoot, h | 
gates close and the Na‘ channel is inactivated. This | 
inactivated state persists until the membrane potential | 
returns to RMP when h gates open. 

The n gates of K- channel open at the end of over- 
shoot They remain open for a longer time causing after | 
hyperpolarization. | 
“m” gate is also known as activation gate and “h” gate - 
is also known as inactivation gate.) | 

Note: Administration of a K-channel blocker will 
lead to the following changes in an AP: | 

a. Delayed repolarization | 

| 


} 
‘ 
, 


b. Absence of after hyperpolarization. | 


16. lt should be noted that the number ofions (e.g. Na and | 
K-) taking part in the ionic changes during an AP is quite | 
small compared to the total concentration of these ions _ 

in the extracellular fluid (ECF) and intracellular fluid | 
(ICE). Also, the participating ions are present only along 
the outer and inner surfaces of the cell membrane. 
Thus, during an AP, Na“ ions enter into the excitable 
cell and K- ions come out of the cell. But, the absolute 
concentrations of Na~ and K- ions in the ECF and ICF, 
respectively, are almost unchanged. This is because 
the quantity of ions moving across the cell membrane 
during an AP is quite small when compared to the total 
concentration of these ions in ICF and ECF. 

The Na’ and K- concentrations in ECF and ICF may 

show detectable changes only after repetitive APs for a 

long duration. 


CATELECTROTONUS, ANELECTROTONUS, 


AND LOCAL RESPONSE 


1. Application of subthreshold stimulus causes change 
in membrane potential. Thus, when subthreshold 
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stimulus is applied by a pair of stimulating electrodes, 
depolarization occurs under the cathode while 
hyperpolarization occurs at the anode. 

These potential changes are due to passive transfer of 
charges at the membrane. They measure up to about 
7 mV and they are called electrotonic changes. The 
depolarization at the cathode is known as catelectroto- 
nus while the hyperpolarizing potential at the anode is 
called anelectrotonus. 

2. When due to stronger stimuli, the depolarization 
at the cathode is greater (in the range of 7-15 mV), 
active participation of the membrane begins with the 
opening of Na‘ channels. Na‘ enters into the cell causing 
depolarization, but as already mentioned, K~ exit from 
the cell and CI entry into the cell tend to repolarize the 
cell. These repolarizing forces are stronger when the 
depolarization is less than 15 mV. So, the depolarization 
cannot progress. This stage is called local response. 

3. However, when the depolarization equals 15 mY, the 
firing potential is reached. At this point, explosive 
entry of Na’ ions through large number of open Na 
channels leads to a very rapid depolarization. This 
easily overwhelms the repolarizing forces. In other 
words, an AP is initiated. 

4. The differences between local response and AP: 

a. Degree of local response varies with the strength of 
stimulus whereas AP is an all-or-none phenomenon. 

b. Local response is produced when the membrane 
potential is yet to attain the firing level. 
Action potential is produced when the membrane 
potential has reached the firing level. 

c. Local response is nonpropagating. It is limited 
locally and diminishes with distance. 
Action potential is propagating in nature. It is 
conducted at distant sites without any diminution 
of intensity. 

d. Local response can be summated. AP cannot be 

ted. 


CTORY PERIOD 


1. During the AP, the excitable tissue (nerve or muscle) 
shows diminished responsiveness to external stimulus. 
This period of diminished responsiveness is called 
refractory period (Fig. 6.4). 

2. From the onset of depolarization to about one-third 
of repolarization (downstroke), the nerve or muscle 
cannot be excited however strong the stimulus may 
be. This period, therefore, is called absolute refractory 
period. 

During the early part of upstroke, a second AP is not 

possible because the Na’ channels are already fully 

open. So, Na’ entry at a greater rate is not possible. 
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Fig. 6.4: The relation between action potential and absolute and 
relative refractory periods in a nerve. 


During the remaining part of absolute refractory 
period Na* channels are inactivated. Hence, Na‘ entry 
causing a second AP is not possible. 

;. From one-third of repolarization up to the end of after 
hyperpolarization, the excitable tissue can be excited 
only by a stronger than normal stimulus. This is called 
relative refractory period. This lasts for 10-15 ms or 
even more. During this period, an AP can be initiated 
put only with a stronger stimulus. This is because 
although most of the Na* channels have recovered 
rom inactivated state, some Na* channels are still 
activated. Moreover, K* channels are open allowing 
i efflux, which makes depolarization difficult. 

-. The relative refractory period is followed by a transient 
supernormal period during which the threshold of 
excitability of the cell is lower than normal. 

This is followed by a subnormal period during which 
the threshold of excitability is higher than normal. 


it wESHOLD STIMULUS 


€ minimum intensity of stimulus which, when applied 
for a given duration, gives rise to an AP is called threshold 
Stimulus. 


B STRENGTH-DURATION CURVE (FIG. 6.5) 


1. The intensity of threshold stimulus and the duration 
of its application are interrelated. Within limits, the 
strength and duration of threshold stimulus have an 
inverse relationship. This is expressed in the strength- 
duration curve. 

If the different strengths of threshold stimuli are 
plotted against the corresponding values of time 
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Fig. 6.5: The strength-duration curve showing rheobase, 
chronaxie, and utilization time. 


required by the tissue to get excited, a strength-duration 
curve is obtained. 

2. Itis found that there is a minimum strength of current 
below which no excitation takes place. 

3. Similarly, however strong the stimulus, there is a 
minimum duration which must elapse before an 
excitable tissue can be excited. 

4. Inbetween, values of strength and duration are inversely 
related and the product of strength and duration is 
constant. This means that low intensity stimuli take 
longer time to excite an excitable tissue whereas 
stronger stimuli need shorter duration for the same. 


| RHEOBASE 


The minimum strength of current essential for stimulating 
an excitable tissue is known as rheobase. 


Bf UTILIZATION TIME 
The time needed by a current of rheobasic strength to 
stimulate an excitable tissue is called utilization time. 


Bf CHRONAXIE 


The time required by a current of twice the rheobasic 
strength to stimulate an excitable tissue is called chronaxie. 
Chronaxie is used as the index of excitability of an excitable 
tissue. 





B ACCOMMODATION 


1. When a stimulus is given to an excitable cell very slowly, 
the cell membrane adapts itself to the stimulus and AP 
is not formed. This is known as accommodation. 

2. Normally, the explosive entry of Na‘ ions overwhelms 

















gives rise to the AP. 

3 Rut. slow stimulation leads to slow influx of Na° ions, 
which is neutralized by the increasing efflux of K* ions. 
As a result, AP is not formed. 

4 Moreover, some of the Na‘ channels opened get 
inactivated before threshold is reached. As a result, the 
required number of Na* channels to fire an AP is not 


_ Once the intensity of stimulus has reached threshold 

level, the amplitude of the AP will remain the same, 
irrespective of any increase in the intensity of stimulus. 

2. Thus, stimulus of higher intensity will not cause any 
increase in the amplitude of AP. 

3. At the same time, it should be noted that if the intensity 
of the stimulus falls below threshold value, no AP will 
result. That is why this is known as all- or-none law. 


If PROPAGATION OF ACTION POTENTIAL (FIGS. 6.6A AND B) 


1. When an AP is produced at a particular point in an 
unmyelinated nerve or muscle, the inside of the 
cell becomes positive and outside negative during 
depolarization. 

2. Its adjacent polarized portion is positive outside and 

negative inside. 

. So, transfer of charges takes place between the point of 

AP and its adjacent portions. 

This forms a current sink which depolarizes adjacent 

portions towards threshold. Ultimately, as the threshold 

is reached, there is formation of AP in the adjacent 
portions. 

. This process is repeated at the new position of AP and 
the AP propagates in an undiminished intensity along 
the excitable tissue, 

_ In an unmyelinated nerve, the propagation of AP 
is continuous as described above and as shown in 
Figures 6.6A and B. In contrast, in a myelinated nerve, 
the propagation of AP has a jumping nature known as 
saltatoryConduction (see below). 
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LIATORY CONDUCTION 


_In a myelinated nerve, the AP, during propagation, 
jumps from one node of Ranvier to the next as 


J 
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Figs. 6.6A and B: Propagation of action onertial both forwards 
and backwards from 2 point of stirnulation in the nerve 210K. 
Normally, 2 propagating action potential does A “teas 
backwards as this part remains refractory. So, the action wtertial 
propagates only in the forward direction. 


the intervening myelin sheath acts as an insulator 

(nonconductor of electricity). 

2 This jumping type of conduction is very rapid, up to 0) 
times faster than that in an unmyelinated nerve. it is 
known as saltatory conduction (p. 481). 

It must be remembered that the conduction of AP along 
an unmyelinated nerve axon is a slow, regenerative process 
which progresses by formation of new APs at contiguous 
sites of axon. Here, AP is produced at the adjacent area 
of axon by formation of current sink which depolarizes 
this contiguous area to threshold. That is why AP in an 
unmyelinated nerve, is said to progress by a regenerative 
process. 

One should note that this is a slower process than 
the cable-like conduction of AP which occurs inside the 
myelinated segments of a myelinated nerve. 

It is noteworthy that AP in a myelinated nerve occurs 
only at the nodes of Ranvier. (It appears to jump from one 
node of Ranvier to the next, which is known as saltatory 
conduction). As AP is formed at much fewer places in a 
myelinated nerve and most of the conduction (inside the 
myelin-covered segments) is cable-like, velocity of conduc- 
tion of AP in myelinated nerve is much faster Added to 
that, myelinated nerves are thicker with lower capacitance, 
which predisposes to rapid depolarisation and this also 
contributes to the faster conduction in myelinated nerves. 


Bf COMPOUND ACTION POTENTIAL (FIG. 6.7) 


1. When the AP is recorded from a mixed nerve, it shows 
multiple peaks at varying intervals. 

2. This is because, a mixed nerve is composed of nerve 
fibers of different diameters with varying conduction 
velocities. 
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Fig. 6.7: Compound action potential. (The three peaks are caused 
by three different type of nerve fibers), 


3. Due to the different conduction velocities, APs in 
different nerve fibers reach the recording electrode 
at different times and this causes an AP with multiple 
peaks. This is called compound AP. 

4. This becomes more prominent when the recording 
electrodes are farther away from the stimulus, 


Bf BIPHASIC ACTION POTENTIAL (FIG. 6.8) 


1. The AP described so far, characterized by a sharp 
upstroke and downstroke on one side of the baseline, 
is obtained by intracellular recording, i.e. when one 
electrode is placed inside the axon of a nerve and 
the other electrode on the outer surface of the cell 
membrane. 

¢. However, the AP can also be recorded by extracellular 
recording, when both the electrodes are placed on the 
outer surface of the axon. The sequence of events is as 
follows. 

3. Let us suppose that the two electrodes are placed on 
the axon at two points A and B. At rest, the outer surface 
at points A and B are at the same potential. So, there is 
no Current flow through the cathode ray oscilloscope 
connected to the two electrodes and the recording 
follows the baseline. 

4. Now, as a wave of AP reaches the proximal point A, the 
outer surface of the axon at this point becomes negative 
while the inside of the axon at this point becomes 
positive, 





electrode B, an upward deflection is recorded). 


| 

thus, the electrode at point A is negative in relation | 

to the point B. This results in an upward deflection in | 
the recording (The connections with the CRO are made | 
in such a way that, when the electrode A is negative to — 


Recording at the cathode 
ray oscilloscope 


Fig. 6.8: Biphasic action potential. (1) The depolarization has 
reached A. The point A is negative outside. (2) A has repolarized. 
Both A and B are at the same Potential. (3) The depolarization 
has reached B. B is negative outside. (4) B has repolarized as the 
depolarization has gone past B. 


5. In the next phase, the wave of AP passes to a point 
between A and B. As A has repolarized by now, the outer 
surfaces at the points A and B are at the same potential 
(positive outside). So, no current flows between them. 
The recording returns to baseline and runs along the 
baseline. 

6. Next, as the wave of AP reaches the point B, it depolarizes 
being outside negative and inside positive. Now, the 
outer surface at the point A is positive to the outer 
surface at point B. This results in a downward deflection 
in the CRO. It again returns to the baseline when 
point B repolarizes after the wave of depolarization 
goes past B. 

7. Thus, the extracellular recording of AP shows deflections 
on two opposite sides of baseline separated by an 
isoelectric phase. This is known as biphasic AP. 


Bf INJURY POTENTIAL (FIG. 6.9) 


1, When a part of the axon in a nerve is injured, the injured 
site becomes electrically negative in relation to other 
healthy areas of the axon. 

2. Now, if two extracellular electrodes are placed, one 
at the injured site and another at a healthy area A, a 
steady potential difference is recorded between the two 
points, even at rest. This is known as injury potential. 
Here, the baseline remains deviated from the zero level 
denoting a steady potential difference between the two 
electrodes. 
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Fig. 6.9: Injury potential. (1) Injury potential at rest; (2) Action 
potential at point A; (3) Action potential midway between point 
A and site of injury. 





3. Now, if a wave of AP passes through the axon and 
reaches the electrode placed on the healthy area A, this 
point becomes negative outside due to depolarization. 
The two extracellular electrodes are now more or 
less at the same potential. So, the near zero potential 
difference is recorded as a sharp deflection from the 
baseline to the zero potential mark. 

4. As the wave of AP moves to midway between the 
two electrodes, the point A repolarizes (becomes 
positive outside) and the baseline potential difference 
is regained. i.e. the baseline returns to the previous 
deviated level. 

5. The wave of AP then reaches the injured site but its 
progress is stopped here due to the injury. 

6. Thus, the extracellular recording in this case shows a 
deflection on one side only. This is known as mono- 
phasic AP. 
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EFFECT OF EXTRACELLULAR ION CONCENTRATION 
ON ACTION POTENTIAL 


1, Decrease In extracellular Na’ concentratton reduces the 
amplitude of AP as rate of Na’ influx during upstroke jg 
reduced, However, the RMP is not altered much. Thig 
is because, permeability of Na’ is extremely low and ag 
such the extracellular Na’ concentration has very litte 
role in determining RMP as per Goldman's equation, 

2. Increase in extracellular K’ concentration decreases 
RMP significantly, Le. RMP becomes Jess negative (kK 
permeability is high, and 60, change in extracellular k’ 
concentration appreciably affects RMP), 

3. a. Decrease in extracellular (Ca"’) increases excitability 

of the nerve or muscle cel], 

b. When [Ca**] concentration in ECF is reduced, the 
Na*-channels open with much less depolarization 
than required normally, This leads to much 
enhanced excitability, 


Probable Cause 


Ca** ions from ECF are believed to bind to the outer surface 
of Na* channels, 

This binding of positively charged Ca’’ ions to the 
Na*-channel protein alters the electrical properties of the 
channel protein, which determine the membrane potential 
required for opening of Na* channels, 

Now, when [Ca’**] in ECF is lowered, the membrane 
potential required for opening of Na’ channel is broughy 
down, 

In other words, the threshold for initiating an AP is 
lowered and much less depolarization is required to oper 
the Na’ channels, This explains the increased excitability o! 
the neurons in hypocalcemia, 





Neuromuscular Junction 





Neuromuscular junction is an anatomical junction 
between a2 motor neuron and a muscle cell where an 
action potential (AP) transmitted along the motor 
neuron is converted into an AP in the muscle cell 
Fig. 7.1). (he anatomical features of a neuromuscular 
junction have close resemblance to those ofa synapse). 


> Asthe axon of the motor neuron approaches the muscle 


ceil, it loses its myelin sheath and divides into anumber 
of axon terminals. Each axon terminal again divides into 
several terminal buttons. 


>. The terminal buttons ofa single axon terminal become 


~ 


attached to a thickened portion of the muscle mem- 
prane called motor end plate (Fig. 7.1). 

One should note that each muscle fiber has a single 
neuromuscular junction consisting of a single motor 
end plate and it is supplied by a single axon terminal 
which branches into several terminal buttons ending 
on the motor end plate (Fig. 7.2). 


_ The terminal buttons contain numerous small vesicles 


containing acetylcholine—the neurotransmitter pres- 
ent in neuromuscular junction. 


_ Mitochondria in the terminal button provide adenosine 


triphosphate (ATP) required for synthesis of acetylcho- 
line molecules. These acetylcholine molecules are then 
stored inside synaptic vesicles. 


_ There is a small gap between the nerve and muscle 


membranes similar to the synaptic cleft in a synapse. 
This neuromuscular cleft, also called synaptic cleft, 
contains the enzyme acetylcholinesterase which 
destroys acetylcholine. 


. On the neural membrane lining the synaptic cleft, 


small thickened areas called “active zones” are present. 
Acetylcholine molecules are released into the synaptic 
cleft from active zones. Adjacent to these active zones, 
voltage-gated Ca channels are present in the nerve 
membrane. 






Terminal 
button 


Acetylcholine 
vesicles 





Nerve membrane Junctional folds 


Fig. 7.1: Neuromuscular junction. 


Motor end plate with 
terminal buttons 


Fig. 7.2: Motor end plate in neuromuscular junction. 


8. The muscle membrane of motor end plate is folded 


at places. These are known as junctional folds. They 
increase the surface area of the motor end plate. 


9. The muscle membrane of motor end plate also contains 


large number of muscle type nicotinic (N_) receptors 
activated by acetylcholine. 





a -_—_—_—_-— =—- as _———— 


\). The acetylcholine receptor contains five subunits— 
two u subunits and one each of f, y, and 6, These are 
arranged around a central channel which is closed in 
the unstimulated state. When acetylcholine binds to 
the two a. subunits, there is a conformational change 


and the chgnnel opens. 








BA 5NSMISSION (FLOWCHART 7.1) 


~ When an AP is transmitted via the motor nerve (inner- 
vating the neuromuscular junction), it ultimately 
reaches the terminal portion of the nerve. This causes 
opening of voltage-gated Ca** channels and there is 
influx of Ca‘: into the terminal button. This, in turn, 
causes exocytosis of acetylcholine from the vesicles 
into the neuromuscular cleft. 

2. Acetylcholine, once discharged into the neuromuscular 

cleft, gets attached to its receptors present in the muscle 

membrane of motor end plate. 





Flowchart 7.1: Steps of neuromuscular transmission. 


AP travels along axon towards the axon terminal 









Opening of voltage-gated Ca** channels 
in axon terminal 


Cat entry into the axon terminal 
"Exocytosis of ACh into synaptic cleft 


ACh binds with N, nicotinic receptors in the 
postsynaptic membrane in motor end plate 




















~ Opening of small ion channels 
. incorporated in ACh receptors 








Na’ entry into the muscle cell 
which is greater than K* exit 


"Depolarization leading to end plate potential 







Current sink produces depolarization in 
neighboring muscle membrane 


So, 
; 





When this crosses threshold, AP forms 
in the muscle cell sarcolemma 





AP’ rung along the sarcolemma 


- afetylcholine; AP: action potential) 
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3 ‘This leads to the opening of ligand-gated small ion 
channels present in the receptor itself. As a result, there 
is entry of Na’ ions into the muscle cell and K’ efflux in 
the opposite direction. 

4, Entry of Na’ ions occurs due to both concentration and 
electrical gradient. On the contrary, efflux of K’ is helped 
by concentration gradient but resisted by electrical 
gradient. (The inside of the cell is electronegative and 
hence Kt ions are attracted inside the cell). 

As a result, Na‘ influx into the cell is greater than 
K+ efflux. So, the motor end plate is depolarized 
forming what is known as end plate potential (EPP). 
This is a type of local response. It forms a current sink 
resulting in depolarization of the neighboring muscle 
membrane. 

When the depolarization reaches firing level, an AP is 
produced in the muscle membrane. Thus, the AP in the 
motor neuron ultimately produces an AP in the muscle 
membrane. 

5 As the neuromuscular junction is usually located in the 
middle of the muscle cell, the AP produced runs on both 
sides ultimately causing the muscle fiber to contract. 

6. An AP conducted by a motor neuron, on reaching the 
neuromuscular junction releases about 0.6 million 
acetylcholine molecules. ‘This is about 10 times that 
required for producing an EPP strong enough to 
generate an AP. So, an AP in a motor neuron arriving at 
the neuromuscular junction, almost always produces 
an AP in the muscle membrane mainly because it forms 
a very large EPP. 

7. There are several reasons for the large EPP of a neuro- 
muscular junction: 

a. Each terminal button releases large number of 
acetylcholine molecules into the synaptic cleft. 

b. One neuromuscular junction receives several 
terminal buttons, each of which releases acetyl- 
choline into the synaptic cleft. 

c. The motor end plate is large in size and it contains 
large number of acetylcholine receptors. Opening 
of large number of acetylcholine receptors causes 
much greater entry of cations into the muscle cell. 

8. The enzyme cholinesterase present in the neuromuscular 
cleft destroys acetylcholine bound to the receptors. 

These receptors are now free to combine with new 
acetylcholine molecules. 

9. During resting state, a few acetylcholine containing 
vesicles burst episodically. So, there is episodic 
release of very small amounts of acetylcholine into 
the neuromuscular cleft. This produces very smal 
depolarizations (EPPs) in the muscle cell. 

These are known as miniature EPPs. They have an 
amplitude of about 0.5 mV. 


CA A TO cy a 
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DIFFERENCE BETWEEN TRANSMISSION AT THE SYNAPSE 
AND AT THE NEUROMUSCULAR JUNCTION 


| 


j 


End plate potential and excitatory postsynaptic potential 
(EPSP) both are local responses seen at the neuromuscu- 
jar junction and at the synapse, respectively, 

Both are graded potentials. Also, they are produced 
in almost identical fashion. Still, they have the following 
subtle differences: 

1. Usually, an EPP, produced at the neuromuscular junc- 
tion, is of more than sufficient magnitude to generate 

AP in the muscle fiber (see above). This is because of 

the large surface area of the neuromuscular junction 

which contains large number of ion channels. The 


contributes. 


spatial summation to be able to fire the postsynaptic 
neuron. 


known as inhibitory postsynaptic potential (IPSP). 
But, in the neuromuscular junction, there is no form 
of inhibitory transmission. 


AGENTS AFFECTING NEUROMUSCULAR TRANSMISSION 


This may be discussed under three headings: 

A. Those preventing release of acetylcholine from the 
nerve ending: Botulinum toxin is a powerful toxin 
released in botulism, a type of disorder caused by food 
poisoning. This toxin prevents release of acetylcholine 


of neuromuscular transmission. 


requires a docking process between a v-SNARE proteins 
called synaptobrevin and two t-SNARE proteins called 
syntaxin and synaptosomal nerve-associated protein-25 
(SNAP-25). This docking helps in fusion between 
the acetylcholine containing vesicles and the neural 
(presynaptic) membrane and is essential for release of 
acetylcholine into the synaptic cleft. 

In botulism, various types of botulinum toxin 
damage these docking proteins halting the fusion of 
vesicles with the neural membrane. Thus, they prevent 
release of acetylcholine into the synaptic cleft. 


This poison binds strongly with the receptors f¢ 
acetylcholine but they do not open the ion channels no 


EPP is formed and neuromuscular transmission is at a 





they are inactivated by acetylcholinesterase. (So, no | 
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large number of acetylcholine molecules released also _ 


In contrast, EPSPs always need either temporal or 


2. Postsynaptic potential may be inhibitory when itis — 


from the motor nerve ending and this results in failure 


Note: Release of acetylcholine from terminal button © 


B. Curare, the famous South American arrow poison, 
inhibits transmission at the neuromuscular junction. — 


| 
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standstill. Drugs bike gallarine have the wane mnie 
of action.) 

Curare and related drugs pee AAR AAAI OPI 
for binding with acetylchusine recepns Ww, Gas 
of block of acetyicholine receptors by ustare Can 
reversed by administration of antich«mnestes 2944, 
e.g physostigmine. Antichitinesterases wicrease te 
local concentration of acetyicholine by preventing 
its degradation by acetyicholinesterase. The rise m1 
acetylcholine concentration displaces curare fror 
receptors and the neuromuscular Hheck is reverses 


The voltage-gated Ca’ channels present in the ternemeal 
button of neuromuscular junction open in response 
to an AP, leading to entry of Ca” ioms inte the terminal 
button. This entry of Ca’ ions is possible because there 
is a large Ca**-gradient across the terminal bution merve 
membrane with the extracellular fluid (ECF) commzmmng 
a much higher Ca concentration compared to that m 
intracellular fluid (ICF). However, frequers APs common 
at this site tend to erode the Ca~-gradient following 
repeated entry of Ca** ions into the ICF. This sugi pose 
problems for normal neuromuscular transmission 

This is prevented by Ca~-ATPase pump which = 
particularly abundant in these cells. The Ca~-AT Pase 
pump pumps out Ca” ions from ICF to ECF against 2 
concentration gradient and maintains the hign Ca~- 
gradient which is so essential for 2 normally functionmg 
neuromuscular junction. This Ca-ATPase pump %& 2 
typical example of primary active transport. 

C. Anticholinesterase drugs themselves also niibrt neuro- 
muscular transmission. They inhibit the enzyme acetyi- 
cholinesterase. So, the acetylcholine moiecules, once 
bound to their receptors, cannot be destroyed. The ton 
channels remain continuously open leading to persis- 
tently depolarized state of the end plate. This prevents 
neuromuscular transmission because the voltage-gatec 
Na’ channels in the persistently depolarized muscie 
membrane become inactivated and therefore they are 
refractory in absence of repolarization. 

Anticholinesterase drugs like physostigmine and 
neostigmine produce reversible neuromuscular 
block. In contrast, organophosphorus insecticides, e.g 
malathion cause irreversible block. 

Diisopropyl fluorophosphate produces irreversible 
neuromuscular block and it is used as “nerve gas" in 
chemical warfare. 







TENIA GRAVIS 


. This is an autoimmune disease characterized by pro- 
found muscular weakness caused by defect in neuro- 
muscular transmission. 
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2. Autoantibodies formed against N, type of nicotinic 
acetylcholine receptors bind with the receptors present 
in the motor end plate causing their destruction or 
endocytosis. 

3. This reduces the number of available receptors and 
compromises neuromuscular transmission. 

4. Inthis disease, the EPP formed is too weak to produce 
prolonged muscle contraction. In severe cases, the 
patient may die of respiratory muscle paralysis. 

5. Anticholinesterases, like neostigmine, can improve the 
condition temporarily, by causing an increase in local 
acetylcholine concentration, 

6. Being an autoimmune disease, myasthenia gravis is 
often associated with other autoimmune disorders like 
rheumatoid arthritis, systemic lupus erythematosus 
(SLE), etc. It has genetic predisposition, being present 
among relatives. 

7. Myasthenia gravis is often associated with disorders 
of thymus. Removal of thymus in presence of or even 
absence of thymoma often ameliorates symptoms of 
myasthenia gravis. 


Normally, the EPP formed in the neuromuscular junction 


is about 50 mV in magnitude. This is 20 mV more than the 
30 mV of depolarization required for reaching the firing 
level of AP in the muscle. 

This power to produce 20 mV of excess depolarization 
acts as a “safety factor” This ensures that every AP 
transmitted through the nerve is capable of producing 
AP in the muscle. Even if AP in the nerve is repeated in 
quick succession and the secretion of neurotransmitter is 
reduced, an AP is still produced in the muscle. 

In myasthenia gravis, because of the much reduced 
number of acetylcholine receptors, the EPP is much 
smaller and the safety factor is absent. So, repeated 
discharge of AP, which causes progressively reduced 
secretion of neurotransmitters, results in lowering of EPP 
below threshold level. As a result, muscle contraction 
fails to occur. 

This explains why in myasthenia gravis the muscle 
contracts normally at first but fatigue ensues on repeated 


effort. / 







BERT-EATON SYNDROME 


contractions). 


9. Here, antibodies form against Ca" channels present 
in the motor nerve endings. This reduces Ca’** influx 


1. This disease is also characterized by muscle weakness 
which, however, improves with repeated contractions 
(unlike myasthenia gravis which worsens with repeated 
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into the nerve endings and gubsequent acetylcholine 
release Into neuromuscular cleft is decreased. As 4 
result, neuromuscular transmission is affected with 


consequent muscular weakness. 


4, Prolonged effort with repeated APs, however, causes 


accumulation of Ca" with improvement of muscle 
function. 


fi DENERVATION HYPERSENSITIVITY 


1. When a nerve supplying a skeletal muscle, smooth 
muscle or an exocrine gland is sectioned and undergoes 
degeneration, the muscle or gland slowly becomes 
hyper-responsive to the neurotransmitter which was 
secreted from the nerve ending. This is known as 


denervation hypersensitivity. 


9. This can be demonstrated by cutting the postganglionic 


sympathetic nerve supplying the iris on one side and 
injecting noradrenaline IV after a few weeks. The 
denervated iris responds by dilating widely whereas the 
intact iris on the other side shows just normal dilation. 


3. The possible causes of denervation hypersensitivity are: 


a. The number of receptors is increased due to 
the “upregulating effect” in the absence of the 
stimulating chemical messenger. Here, in the 
absence of neurotransmitter secreted from the 
nerve ending, the number of receptors is increased 
substantially. 

b. In tissues responding to norepinephrine, the effect 
of norepinephrine is much enhanced following sec- 
tion of the nerve. 

This is because norepinephrine is actively taken 
up by the intact nerve ending in considerable 
amounts. So, when the nerve is sectioned, this 
active reuptake of norepinephrine at the nerve 
ending stops. Now, circulating norepinephrine 
reaching the nerve ending achieves a much higher 
concentration in absence of the reuptake. 

This is one cause of the heightened response 
observed in denervation hypersensitivity in this 
type of neuron. 

Denervation hypersensitivity may explain 
the “release phenomenon” that is frequeniy 
encountered in CNS lesions where the controlling 
influence of higher centers is cut off. 

Whenever the influence of higher center 's 
abolished, the lower centers show hyperactivi'y. 
This effect, which is called release phenomenc” 
may be explained on the basis of denervation 
hypersensitivity. A typical example is Babinski’s sig". 
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Mechanism of Muscle Contraction 








> Muscle ussue can be of three types: (1) Skeletal, (2) Car- 
tac and (3) Smooth muscle. 7 

* Skeletal and cardiac muscle are called striated muscle es 
as they show striations under light microscope. Smooth Muscle fiber ia 
muscles, on the other hand, do not show any striations. 


SKELETAL MUSCLE 


’ The muscle fibers in skeletal muscle are multinucleated. 





-. Each muscle fiber has a diameter varying between Zline — H-Zone 

10 um and 100 pm and a length of a few centimeter. Sapam Thin filament 
3. Askeletal muscle consists of a number of fascicles. Each SAME 

rascicle contains approximately 20 muscle fibers. M-line 


+. Each fascicle is surrounded by a perimysium which is 
numately connected to the endomysium encircling aa 
each muscle fiber. 

5. The endomysium is again closely connected to the 
sarcolemma, the outer covering of a muscle fiber. 

>. The close connections between these different connec- 
cve ussue layers help in the effective transmission of Fig. 8.1: Muscle fiber, myofibril, and sarcomere. 
rorce generated by the muscle to the tendons and bone. 


Thick 


filament H-Zone 


——»> A-band <——> I-band <— 


3. The Z-lines of adjacent myofibrils are aligned in the 


Us same line. This contributes to the regularity of stria- 





Toese are cells present between sarcolemma and tions. 
endomysium in muscle cells. In muscle damage, these 4, The sarcomere contains two sets of myofilaments—the 
cells produce myoblasts which may be transformed to thin filaments and the thick filaments. 
myofibrils. 
Mf THICK FILAMENT (FIG. 8.2) 
H MYOFIBRILS (FIG. 8.1) 1. A large number of myosin-II molecules form the thick 
|. Each muscle fiber is divided into a large number of filaments. The thick filaments have a diameter of 11 nm 
myofibrils by a network of longitudinal tubules known and a length of 1.6 um. They are located in the center 
as sarcoplasmic vitamin. of the sarcomere forming the A-band (vide infra) and 
2. Each myofibril is again divided into smaller functional are attached to the Z-line by titin filaments. 


units, called sarcomere, by transversely placed Z-lines, 2. Cross-bridges project from the lateral sides of thick 
which are formed by a-actinin protein. filaments in a helical fashion. 


_—) 4 - 
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b. The two heavy chains form a coil by twisting around 


c. The two pairs of light chains remain in close 


d. The tail portion of many myosin molecules are 


e. In the thick filament, the myosin molecules are | 
| 
| 
| 
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Myosin molecule Cross-bridge 


_, 


| 
| 
| 
i 
Fig. 8.2: Thick filament. 





3. Molecular structure of thick filament. 
a. Myosin-Ilis a large protein with a molecular weight 


of about 470,000. It is composed of three pairs of | 
polypeptides linked noncovalently. These comprise 


one pair of heavy chains and two pairs of light 
chains. 







each other. This coil mostly constitutes the tail of 
the myosin molecule. However, one end of the coil | 
is bent to form a short neck which is connected to a | 
pair of globular heads. | 


association with the globular heads. The myosin | 
head has a binding site for actin and a region which | 
catalyzes adenosine triphosphate (ATP) hydrolysis. 





aggregated to form the thick filament while | 
the globular head and the neck portion project. 
laterally as cross-bridges. Successive cross-bridges — 
are arranged in a helical pattern around the thick | 
filament. 


arranged in opposite direction on two sides of 
the midline in a sarcomere. As a result of this, the — 
middle portion of the thick filament has no cross- 


bridge while cross-bridges at the two ends pull the | 
thin filaments towards the center of the sarcomere. 


| 
| 











Fig. 8.3: Thin filament showing actin, troponin, and tropomyosin, 


4, Thus, in a sarcomere, thin filaments arise from the two 


Z-lines on two sides and their free ends are directed 
towards each other between the thick filaments in a 
symmetrical pattern. 


. Molecular structure of the thin filament: The thin 


filament contains three proteins—actin, tropomyosin, 

and troponin. 

a. G-actin is a protein with a molecular weight of 
42,000. The G-actin molecules polymerize to form 
F-actin which is a double-stranded helix running 
along the thin filament. 

b. Tropomyosin is also composed of two polypeptide 
chains coiled around each other. Its filamentous 
structure is stretched over the thin filament in the 
groove between actin molecules. It conceals the 
myosin-binding sites on actin at rest. 

c. The third protein troponin is located at regular 
intervals in close contact with tropomyosin. 
Troponin has three components ie. C, T, and I. 

Troponin C binds with Ca™ ions to initiate the 
process of muscle contraction. Troponin T helps 
to connect other components of troponin to 
tropomyosin. Troponin [has an inhibitory influence 
on the interactions between actin and myosin (see 
later). 


Electron microscopic studies have shown thatthe myosin | 
filament consists of light meromyosin (LMM) and | 
heavy meromyosin (HMM) fractions. The LMM portion 
constitutes the tail of myosin molecule while the head | 
and neck portions are formed by HMM. | 


Wj BANDING PATTERN (FIG. 8.1) 


1. The regular arrangement of the thick and thin filaments 
gives rise to the characteristic banding pattern which 
Heavy meromyosin is again divided into a globular -—=—« Causes the striations. 
head called S-] and a fibrous neck portion called S-2. S-1 2. There is a lighter zone on the two sides of the Z-line 
contains ATPase activity required for contraction. formed by the thin filaments. This is called the [-band 


} 
: 
| 





| (“I” stands for isotropic). 
THIN FILAMENT (FIG. 8.3) _ 3. The thick filament, on the other hand, forms a dark 
; | band called A-band in the center of the sarcomere (“A 
). The thin filaments have a diameter of 5 nm and they are | stands for anisotropic). 


1 pm long. 4. In the peripheral portion of the A-band, thin filaments 
2. They are composed of three proteins Le. actin, troponin, — overlap the thick filaments but in the central part 0! 

and tropomyosin. the A-band, there is no overlapping when the muscle 
3. One end of the thin filaments is connected to the Z-line is relaxed. 

while the other free end is directed towards the center — As a result, the central part of the A-band is a lighter 

of the sarcomere. zone called H-zone. 
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5. The midpoint of the H-zone is again thicker and 
forms the M-line. This is possibly due to the presence 
of myomesin, a protein linking the thick filaments 
transversely. M-line along with two small and narrow 
lighter zones on its two sides is called pseudo-H zone. 

6. If a sarcomere is sectioned transversely in the peri- 
pheral part of A-band and is seen under an electron 

microscope, it will be seen that the thin filaments 

are arranged in a hexagonal pattern around the thick 

filaments. However, in a transverse section through the 

H-zone, only the thick filaments are visible (Figs. 8.4A 

and B). 

_a. Itis to be noted that the lengths of the thin and thick 

filaments remain constant under all circumstances. 

b, During contraction of the muscle, the length of the 
sarcomere shortens. The position of the thick fila- 
ment is fixed but the two Z-lines at the two ends of 
a sarcomere, move towards each other. As a result, 
the thin filaments slide between the thick filaments, 
overlapping or interdigitating as necessary. Conse- 
quently, the A-band does not change in length but 
|-band and H-zone are shortened. 

c. Also, it should be noted that each sarcomere = % 
I-band + A-band + 4 I-band. 


~ 


§ SARCOTUBULAR SYSTEM 


1. There are two different types of tubular network in the 
muscle tissue. One is called T tubule and the other is 
the sarcoplasmic reticulum. 

2. T or transverse tubules: 

a. These are actually tubular invaginations of the 
sarcolemma. These penetrate transversely into the 
interior of the muscle at the level of A-I junction 
(junction between A-band and I-band) in skeletal 
muscle. (In case of cardiac muscle, T tubules lie at 
the level of Z-line.) 

b. The T tubules lie close to the terminal cistern of 
sarcoplasmic reticulum (vide infra). 


Blue dots = Myosin 
Red dots = Actin 


ES 


~ Section through peripheral part of A-band 
E}] > Section through H-zone 


Figs. 8.4A and B: Sections through peripheral part of A-band and 
H-zone showing relative position of thick and thin filaments. 
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c. The T tubules transmit the action potential (AP) 

from the outer surface of the cell to the cell interior. 
3. Sarcoplasmic reticulum: 

a. These are mainly longitudinal tubules forming an 
irregular network lying along the long axis of the 
muscle fiber, 

b. Their ends are swollen and these are known as 
terminal cisterns which act as the storehouse of Ca’ 
ions. 

c. Two terminal cisterns from opposite sides and 
one transverse tubule lie close to one another and 
constitute the “triad”. 


Other important proteins in skeletal muscle are tifin, 
actinin, and desmin. Actinin binds Z-line to actin while 
desmin binds Z-line to cell membrane. Titin is a large 
protein (largest in the body) which connects Z-line with 
M-line. It supports the thin and thick filaments. [t has 
folded zones which allow the muscle to be stretched 
with relative ease initially while the titin molecule 
straightens. But further stretch meets with strong 
resistance due to the stretch on already straightened 
titin. 

Thus, titin contributes to muscle elasticity by acting 
like a spring. It brings the muscle back to its resting 
position when contraction ends. 


In skeletal muscle, the T tubule contains a voltage- 
sensitive receptor called dihydropyridine (DHP) receptor. 
On the other hand, the terminal cistern of sarcoplasmic 
reticulum contains a ryanodine receptor which is a large 
protein believed to be connected by foot protein to the DHP 
receptor. The ryanodine receptor is a calcium channel. It 
protrudes as foot protein which bridges the 10-15 nm gap 
between the DHP and ryanodine receptors. 


Bf EXCITATION-CONTRACTION COUPLING 


1. It is the process by which an AP in the skeletal muscle 
membrane leads to contraction of the muscle. 

2. Action potential traveling along the motor nerve 
is transmitted across the myoneural junction and 
produces an AP in the muscle. This AP is transmitted 
along the outer surface of the muscle (sarcolemma) 
and enters into the muscle tissue through transversely 
placed T tubules and reaches the voltage-sensitive DHP 
receptor located in the T tubule. 

3. This causes conformational change in the DHP receptor. 
As a result, the ryanodine receptor foot proteins con- 
nected to the DHP receptor, are dislodged with opening 
of Ca"* channel. 


Now, calcium is released from the terminal cistern 
into the cytosol. 
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4. Release of Ca’ ions from terminal cistern elevates the 


cytosolic concentration of calcium, With rapid entry of 
Ca‘ ions, calcium concentration in cytosol exceeds 10” 
mol/L. Caleium now binds with troponin C present in 
the thin filament. 


Normally, the three components of troponin form a 


complex with tropomyosin, Troponin I binds with actin 
in such a manner that tropomyosin strands cover the 
myosin binding sites of actin, This prevents binding of 
mvosin heads to actin, But when calcium ions bind with 
troponin C, aconformational change takes place in the 
troponin-tropomyosin complex. 

Troponin | now changes position allowing tropo- 
myosin to move aside uncovering the myosin-binding 
sites on actin, 


_ In the resting state (before binding of myosin head 


to actin), one ATP binds with myosin and undergoes 
hydrolysis. The myosin is now bound to adenosine 
diphosphate (ADP) and Pi (the hydrolyzed products 
of ATP) and energy is stored in the myosin head. This 
myosin-ADP-Pi complex is said to be in an “energized” 
or high energy state. 

At this stage, the myosin head is in a “cocked up” 
position lying perpendicular to actin. This myosin head 
now binds to actin when tropomyosin moves aside. 

Binding of myosin head to actin greatly increases 
the ATPase activity of myosin head (S-1) and hastens 
the release of Pi from myosin. Release of Pi coincides 
with the power stroke. Along with this, there is release 
of energy together with a conformational change of 
myosin head relative to the tail. The myosin head now 
bends making an angle of 45° with the actin and in the 
process, pulls the actin filament by a swiveling action 
through a distance of 10 nm towards the center of the 

sarcomere (Figs. 8.5A to E). 


. After the power stroke there is release of ADP from 


myosin head. The ADP-free myosin head now remains 
in a bound state with actin until a new ATP binds with 
myosin head. Binding of ATP causes detachment of the 
myosin head from actin. 


. After detachment, ATP hydrolyses and the energy is 


stored in the myosin head. A new cycle begins as the 
myosin head attaches to the next binding site on the 
thin filament and the whole process is repeated (Figs. 
8.5A to E). 

gradually the thin filament is drawn towards 
the center of the sarcomere. This pulls the two Z-lines 
inwards and there is shortening of the sarcomere. The 
numerous sarcomeres attached end to end in a single 
muscle fiber shorten simultaneously. Ultimately, this 
causes shortening of the muscle. 


. The repeated sequence of attachment, power stroke 


and detachment of myosin head can be compared to 
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Figs. 8.5A to E: Phases of muscle contraction. (A) The energized 
myosin head is ready to bind with the actin. (B) The myosin nead 


bind 


s with actin leading to power stroke. (C) The thin filament is 


pulled towards the center of the sarcomere; the actin molecule 
shows displacement. (D) The myosin head detaches fron actin 
following combination with ATP. (E) The myosin head is energized 
again and is ready to bind with the next binding site on actin. 


11. 


the movement ofa ratchet. That is why this mechanism 

of muscle contraction is known as the “ratchet theory” 

Also, as the thin filaments slide between the thick 

filaments, this is also known as the “sliding filament 

theory. 

To summarize, the interaction between myosin, actin 

and ATP is as follows (Flowcharts 8.1 and 8.2): 

a. When Ca* binds to troponin C and initiates muscle 
contraction, myosin cross-bridges which contain 
stored energy due to ATP hydrolysis, have a high 
affinity for binding with actin. ADP and Pi, at this 
stage, are bound to myosin. 

b. Now, as Ca** binds to troponin C, there is a 
conformational change in troponin-tropomyosin 
complex. As a result, tropomyosin moves aside. This 
exposes the myosin-binding sites on actin and now 
the myosin cross-bridges bind with actin. 

On binding with myosin, actin strongly increases 
the myosin ATPase activity. 

This hastens release of Pi along with energy 
The myosin cross-bridges utilize this energy anc 
undergo conformational change. They bend at the 
neck pulling the thin filament by 10 nm. This forms 
the power stroke. 

c. Next, the ADP is released. Now the myosin head 
remains in a bound state with actin until a new 
ATP molecule binds with myosin. This leads to 
detachment of the myosin head from actin. 
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t proteins dislodged 





nel in the ryanodine 
receptor of terminal cistern 


and binds to troponin C 







nal change in 
troponin-tropomyosin complex 





1oves aside revealing 
myosin-binding sites on actin 


Myosin head binds to actin 





Power stroke which pulls thin filament 


towards center of sarcomere 





Muscle contraction with shortening of muscle 


(AP: action potential; DHP: dihydropyridine) 


d. Adenosine triphosphate bound to myosin under- 
goes hydrolysis. The energy released is stored in the 
myosin head while ADP and Pi remain bound to 
myosin. 

It is to be noted that the situation is now identical to 
step 1. These cyclically occurring reactions are repeated 
again and again until the cytosolic Ca** concentration 
becomes low. 


Note: It is noteworthy that although actin and myosin are 
sometimes called contractile proteins, they themselves 
do not contract, i.e. undergo change in length. 

Troponin and tropomyosin regulate binding of 
myosin with actin filaments. Hence, they are called 
regulatory proteins. 
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\ \\ Flowchart 8.2: Molecular mechanism of skeletal muscle 
: contraction 


; Myosin head binds to actin when tropomyos in moves aside ' 


exposing the myosin binding sites on actin 








TATPase activity of myosin head 


Conformational change in myosin head which bends and 
pulls actin by a a swiveling movement (power stroke) 


Thin filament pulled towards center of sarcomere 


| Release of ADP from myosin which now remains bound to actin | 


| Anew ATP binds with myosin which detaches from actin | 
| ATP hydrolyses to ADP and Pi which remain attached to myosin | 
Myosin head is now in a ‘cocked up’ position ready 
to bind with actin 


(ADP: adenosine diphosphate; ATP: adenosine triphosphate) 





Relaxation of the Muscle and Role of 
Adenosine Triphosphate 


1. The muscle relaxes when the cytosolic calcium 
concentration falls to a value lower than 0.1 pmol/L 
after active pumping of calcium back into the terminal 
cistern. So, relaxation of muscle is an active process. 
(When Ca** level is lower than this critical value, Ca 
detaches from troponin C. As a result, tropomyosin 
again covers the myosin-binding sites on actin and the 
muscle relaxes.) 

2. The pumping of calcium back into the terminal 
cistern is an active process requiring energy which is 
supplied by breakdown of ATP. Here, ATP is broken 
down by SERCA (sarcoplasmic and endoplasmic 
reticulum Ca‘t-ATPase). The protein calsequestrin 
in the sarcoplasmic reticulum binds with Ca** ions 
pumped back to the terminal cistern. Thus, it prevents 
rise in Ca** concentration within sarcoplasmic 
reticulum, which would have inhibited the activity of 
SERCA. In this way, calsequestrin helps in storing the 
Ca" ions “pumped back” into the terminal cistern. 

3. So, ATP has three functions in skeletal muscle contrac- 
tion: 

a. Provides the energy of power stroke. 

b, Causes detachment of myosin head from actin. 

c. Causes relaxation of muscle by supplying the energy 
for pumping back calcium into the terminal cistern. 
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Rigor Mortis 
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A. In all types of muscle contractions, 





It should be noted that loss of ATP, as occurs after death, 
leads to irreversible bonding between actin and myosin 
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CARDIAC MUSCLE HAS THE FOLLOWING DIFFERENCES 


FROM SKELETAL MUSCLE 


I. 


Cardiac muscle cells have single nucleus, 


because detachment of myosin head from actin isnot) 4 Dueto presence of gap jun ctions and intercalated disks, 
possible in absence of ATP. Asa result of this irreversible ‘he cardiac muscles behave functionally as a syncitium 
bonding between actin and myosin, the muscle fibers (Fig. 8.6). 
become stiff after death. This is known as rigor mortis. 3 Each cardiac muscle is about 100 jm long, 15-20 jim 
~ Another factor also contributes to rigor mortis. oe is wide and about $ um thick. 
increased Ca” oe mateareer ane ssid 4. The T tubules have diameter more than twice that 
extracellular fluid oe = eee of skeletal muscles and lie at the level of Z-line. (In 
muss eee sseaalouaie wena skeletal muscle, T tubules lie at the level of A-I junction.) 
a eduction of Ca‘ concentration below a critical | > The terminal cistern is narrow and usually forms a diad 
level (10° mol/L) is required for relaxation, muscle with T tubule (the T tubule and one terminal cistern 
relaxation does not occur. The muscle continues to be form a diad). In contrast, in skeletal muscle, one T 
in a contracted state and this prolongs rigor mortis. tubule and two terminal cisterns form a triad. | 
Rigor mortis is of great forensic importance as it gives | 6. The release of calcium ions from terminal cistern is 
useful information about the time of death. Rigor mortis calcium-dependent in cardiac muscle. 
occurs earlier in any condition where ATP content of [In cardiac muscle, the DHP receptor in T tubule has 
muscle at the time of death is lowas after a severe fight a calcium channel within it. As the AP reaches the T 
before death. tubule DHP receptor, calcium ions are released through 
eR is 


there is cross-bridge cycling with sliding of myofilaments and shortening of 


sarcomere. One may wonder how this may occur in isometric contraction where there is no change in length 
between the ends of muscle. [There are mainly two types of contraction: (1) Isotonic contraction where tension in 
the muscle remains the same but there is shortening of muscle length. (2) Isometric contraction where the length 
of the muscle remains the same but there is change in muscle tension]. 


The above paradox may be explained in the following way: 
= The contractile elements of muscle are connected in series with elastic structures in the muscle called series 


elastic component. When the contractile filaments slide with shortening of sarcomere, the series elastic 


component is stretched and lengthened. 


s In isometric contraction, this lengthening of series elastic component allows sliding of filaments with cross- 
bridge cycling although the length between the ends of muscle remains the same. 

_ It is seen that force of muscle contraction increases appreciably in tetanus compared to single twitch contraction. 

This is because, in a single twitch contraction, the calcium pulse (see below) or the rise of calcium concentration 


in cytosol is very short-lasting. 


This very short rise in Ca** concentration is insufficient for the myosin cross-bridges to bind to all the available 
sites on actin. Also, a substantial part of the force produced by a single twitch is spent in stretching of series elastic 


component. 


Due to these two reasons, the force of a single twitch contraction is submaximal. 
However, in tetanus, the repeated stimuli causing multiple, repetitive calcium pulses raise the cytosolic Ca"’ 
concentration to a high level for a prolonged period. Now, the myosin cross-bridges can bind to all the available 


binding sites on actin. 


Also, the series elastic component becomes fully stretched after the first few contractions. Thereafter it transmits 
the full force of muscle contraction to the ends of the muscle. So, this also increases the force of muscle contraction 


appreciably in tetanus. 


With each AP, Ca” ions are released in large amounts from terminal cistern into the muscle cytosol but shortly 
thereafter (within fractions of a second), the Ca** ions are actively pumped back into the terminal cistern. Thus, 
intracellular Ca*’ ion concentration shows a very short-lasting increase following an AP. This is called the calcium 


pulse. 


Chapter 8: Mechanism of Muscle Contraction 
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i SMOOTH MUSCLE HAS THE FOLLOWING DIFFERENCES 
FROM OTHER TYPES OF MUSCLE TISSUE 





stercelated disk 


Fig. 8.6: Structure of cardiac muscle showing intercalated disk con- 
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ng Gap junction and desmosome. Also shown T tubule at the 


. Smooth muscles are innervated by autonomic nerves— 


sympathetic or parasympathetic. The postganglionic 
neurons show swollen ends or varicosities where they 
end near the smooth muscle. These varicosities contain 
neurotransmitter contained in vesicles. 


. Unlike neuromuscular junction, there is no motor 


end plate. The neurotransmitters are secreted into the 
interstitial fluid in close vicinity of smooth muscles and 
they reach the muscle cell by diffusion. 


. The receptors in smooth muscles are muscarinic in 


nature in contrast to nicotinic receptors present in 
skeletal muscle. 


. Smooth muscles contain single nucleus. They have a 


length of 10-500 pm and a width of 5-10 pm (Fig. 8.7). 





level of Zine. 5. There is no sarcomere. The thick and thin filaments 
remain scattered in the cytoplasm. 
the calcium channel (in contrast to skeletal muscle, | 6. The thin filaments are connected to “dense bodies’ 
where a conformational change takes place leading to which are composed of ct-actinin and are the substitutes 
displacement of foot protein—a mechanical event). of Z-lines. 

This calcium triggers further release of calcium from | 7. The thin filaments lack troponin. Other proteins, such 
terminal cistern by opening the Ca~ channel in the as, myosin, actin and tropomyosin are present. In place 
ryanodine receptor] of troponin, smooth muscles contain calmodulin, a 

-. The intracellular calcium concentration can be increased calcium-binding protein. 
ov sympathomimetic agents (by phosphorylating | 8. T tubules are absent. In its place, small depressions on 
calcium channel proteins and thereby increasing their the surface membrane called caveolae exist. 
open time) and digitalis. Thus, the force ofcontractionof | 9. Calcium ions can enter smooth muscle cell and activate 
cardiac muscle can be augmented by chemical agents. it in three ways: 
In contrast, in skeletal muscle, force of contraction a. Neurotransmitter like acetylcholine acts on ligand- 
cannot be increased by chemical agents. This is because, gated calcium channel, causing entry of calcium 
in skeletal muscle contraction, all the calcium binding ions into the cell. 
sites on troponin C are saturated by Ca’ ions released 
from terminal cistern. Conversely, calcium binding sites 
on troponin C are not saturated by Ca* released into 
cytosol during normal cardiac muscle contraction. 

So, in cardiac muscle, additional Ca’ ions (e.g. 
released by catecholamines) can bind to troponin C 
and thus, the force of contraction can be increased (see 
also p. 187). 

2. Cardiac muscle can not be tetanized. Summation, too, is 
not possible. This is because of the prolonged refractory q 
period of cardiac muscle (see p. 192). o 
4. Cardiac muscle has a high passive tension. So, in —> | 
ohysiological circumstances, it always acts on the c Thick filament 
ascending limb of length-tension curve. Thin filament 
10. Cardiac muscle shows rhythmicity. The junctional tis- 
sues can beat at own rhythm, i.e. they show autorhyth- Dense body 
micity and pacemaker potential (see p. 182). 
11. Cardiac muscle does not show any fatigue in situ. 


(For a detailed account of properties of cardiac | Fig. 8.7: Structure of smooth muscle. Enlarged view of dense body 
and disposition of thin and thick filaments are shown separately. 


muscles, see p. 180.} 
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Voltage-gated calcium channels open in response to 
AP permitting entry of calcium ion in the cell, 


~ Calciuin is released from sarcoplasmic reticulum 


following activation of inositol triphosphate (IP,) 
receptor ot sarcoplasmic reticulum. This IP, receptor 
is equivalent to the ryanodine receptor in skeletal or 
cardiac muscle, It is activated by IP, 

Interaction between the thin and thick filaments of 
smooth muscle during contraction and the reactions 
involved are radically different. 


. In smooth muscle contraction, one of the 4 light 


chains around myosin head is phosphorylated 
by the enzyme myosin light chain kinase (MLCK), 
catalyzed by calmodulin which itself is activated by 
ionic calcium, 


- This reaction leads to cross-bridge cycling at a rapid 


rate, the energy being provided by ATP. The enzyme 
Actin-Myosin-ATPase catalyzes the breakdown of 
ATP and releases the required energy. 


. After cross-bridge cycling during which shortening 


occurs with development of force, the light chains 


are dephosphorylated by the enzyme myosin light 
chain phosphatase (MLCP). 


- Dephosphorylation by MLCP does not always 


lead to relaxation. Dephosphorylation by MLCP 
in presence of a low Ca* level in the myoplasm, 
may lead to a slower cycling of cross-bridges. The 
myosin heads now stay attached to actin filaments 


for a longer period. This is known as “latch-bridge” 
formation. 
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f. The latch-bridge increases the number of myosin 


heads attached to actin at a given moment and 
causes an increase in the force of contraction. 
However, this mechanism requires very low 
expenditure of ATP and that is why smooth muscle 
cells are able to maintain tone with almost no 
requirement of energy. 


. The latch-bridges get detached with relaxation 


of the smooth muscle only when cytosolic Ca‘ 
concentration is reduced to resting levels or Ca- 
calmodulin complex dissociates. 


. Plasticity—smooth muscles like those of urinary 
bladder show plasticity (p. 350). This is the property 
by which the tension in smooth muscles return to 
the original level even after prolonged stretching or 
shortening. Thus, smooth muscles do not show the 


typical length tension relationship as seen in skeletal 
or cardiac muscle. 


Note: Two important differences between smooth 
muscle and skeletal or cardiac muscle are that unlike 
the fast ATPase activity of skeletal or cardiac muscle, 
myosin ATPase activity in smooth muscle is relatively 


slow. 
Secondly, cross-bridge cycling in skeletal muscle has 


a frequency ten times that of smooth muscle. 


For a detailed description of smooth muscle, see 


Section 13, Chapter 103. 
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Skeletal muscle fibers are of two types: (1) Type I and (2) 
type II. 
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Type I muscle fibers are slow-acting with slow myosin 
ATPase rate. They also show high capillary density, 
increased myoglobin content responsible for its red 
color and abundance of mitochondria. All these 
point to their higher oxidative capacity. Their force of 
contraction is relatively weak but they are extremely 
resistant to fatigue. 


. Incontrast, the type II fibers are of larger diameter. They 


are fast-acting with fast myosin ATPase activity. They 
pump Ca more rapidly into sacroplasmic reticulum. 
Also, they have lower oxidative capacity but high 


glycolytic activity. 


. Type II fibers may be further classified into type IIA and 


type IIB fibers. 

Type IIA fibers (infrequently seen in primates) are 
fast-acting but relatively fatigue-resistant with presence 
of high capillary density. They show significant degree 
of both oxidative and glycolytic activity. Their force of 
contraction is intermediate between those of typeI and 
type IIB fibers. 

Type IIB fibers are fast-acting and glycolytic in 
nature. They are easily fatigued. However, they are 
capable of very strong contractions. 


. Although the type I and type II muscle fibers have 


distinctly different activity, individual muscles contain 
fibers of both groups but in varying proportion. 
Muscles containing mainly type | fibers are also called 
red muscles or slow muscles, whereas muscles chiefly 
made of type II fibers are called white muscles or fast 
muscles. 
The red muscles are slowly acting, suitable for sustained 
work and help in the maintenance of posture. 

The white muscles, on the other hand, have brief 
and rapid actions. They are suitable for fine, skillful 


Properties of Skeletal Muscle 





movements as performed by the muscles of the hand 
and the eye muscles. 


LENGTH-TENSION RELATIONSHIP IN SKELETAL MUSCLE 
(FIG. 9.1) 
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The relationship between muscle length and active 
tension developed in it, can be experimentally 
determined by attaching the muscle to an electronic 
transducer in such a way that its two ends are fixed. 
The transducer can now measure the isometric tension 
(tension at the same length) in the muscle. 


. The position of the two ends of the muscle can be varied 


so that the length of the muscle can be altered. 


. Now, at a particular muscle length, the tension in 


the unstimulated muscle is noted. This is the passive 
tension. 






Total tension 


Tension 


Passive tension 





Active tension 


Muscle length 


Fig, 9.1: The relationship between muscle length and passive, 


total and active tension. 











‘jl 


SD) 


Next, the muscle is stimulated using a suitable pair 


of electrodes. As the muscle contracts, the tension 
recorded by the transducer gives the fotal tension. The 
difference between the total and passive tension is 
equal to the active tension, 


. Next, the muscle length is changed and the values 


of passive tension and total tension are noted. The 
procedure is repeated a number of times with varying 
muscle length and the total, active and passive tensions 


are plotted against the muscle length. The result is 
shown in Figure 9.1. 


. The muscle length showing maximal active tension is 


determined. It has been observed that the muscles of 
the body produce maximal tension when their lengths 
are equal to resting length. 


- Now, itis found that when the muscle length is shorter 


than the resting length, active tension developed by 
contracting muscle is less. 

Active tension reaches the maximal value at the 
resting length. This corresponds to the physiological 
limit. If muscle length exceeds resting length, active 
tension decreases (Fig. 9.2C). 

The active tension is found to be proportional to the 
initial length of the muscle within a physiological limit 
(compare with Frank-Starling’s law in cardiac muscle, 
p. 188). 


. Explanation (Fig. 9.2): 


a. The above findings can be explained from the 
varying number of active cross-bridges formed in 
the sarcomere in these different situations. 

b. At resting length, the sarcomere length is optimum. 
The thin and thick filaments form maximum 
number of cross-bridges. So, the active tension is 
maximal at this muscle length (Fig. 9.2A). 

c. At smaller muscle length (Fig. 9.2B), the length of 
sarcomere is decreased correspondingly. The Z-lines 







Active tension 


Muscle length 


Fig. 9.2: The length-tension relationship in skeletal muscle. Note the different position of thin filaments in relation to 
thick filament in different muscle length. (See text for details). 
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come closer. So, the thin filaments overlap each 
other, reducing the number of active cross-bridges 
The active tension decreases correspondingly. 

d. Again, at muscle lengths longer than the resting 
length (Fig. 9.2C), the sarcomere length is greater 
than normal. So, the thin filaments slide away from 
between the thick filaments, reducing the number 
of cross-bridges. Active tension also becomes less. 

e. This can be compared to Frank-Starling’s law which 


depicts the length-tension relationship of cardiac 
muscle. 


B CHEMICAL EVENTS IN SKELETAL MUSCLE 


1. Skeletal muscles require energy for contraction which 


involves mechanical work. This energy is supplied by 
the breakdown of adenosine triphosphate { ATP) as 
discussed in the mechanism of muscle contraction. 


. In the muscle, ATP is derived from the following 


sources: 

a. From the energy released by the breakdown of 
phosphorylcreatine. 

b. Following breakdown of glucose or glycogen to 
lactate, in anaerobic environment {anaerobic 
glycolysis). 

c. From oxidation of glucose or glycogen to CO, 
and water via Krebs cycle in aerobic environment 
(aerobic glycolysis). 

d. From oxidation of free fatty acids (FFAs). 


Hl PHOSPHORYLCREATINE 


1. This compound contains a high energy phosphate 


bond. On hydrolysis, it releases energy which mav be 
utilized to synthesize ATP from adenosine diphosphate 
(ADP) and phosphate. 
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Chapter 0 iipver tine of Skeletal Miele 


Hi resting Condon, Phoaphorvlereaiine MOTON Ate 
replenished by breakdown of AT Mat din Wid ROLE TAE, 
phosphor vieneatine Wilergone Wiyebinal yond VWidw relanany 
onetpy for syathests oF ATP whieh herequired fornia In 
contachon 


The conversion of phosphorylereatine (9 ATH Wa alinint 


instantaneous and the rate ot OHOETAY Produeton ta 
very high (four tives that of aerabte lyenlyata), Vive 
phosphorylereatine stores in the body can Winpapoly 
energy for 8 10 seconds, This, a very abort buratof 


high energy (eg. 1 TOO my aprlnt) ta provided almont 
exclusively by this systeny, 


AEROBIC AND ANAEROBIC GLYCOLYSIS 
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Skeletal muscles derive their required energy from 
oxidation of FFAs when their activity ts ata low level, 


_ But during more strenuous exercise, Hplda alone are nol 


sufficient to supply energy. So, there la simultaneous 
breakdown of carbohydrates like glucose oF glycogen 
to meet the energy demand by producing ATP ata 
sufficiently fast rate, 


3. When there is adequate oxygen, glucose or glycogen ts 


broken down to CO, and water by aeroble glycolysin, 
This releases large amounts of energy, helping in the 
synthesis of ATP in sizeable quantity, ‘The notable 
drawback of aerobic glycolysis is that although large 
amounts of ATP are produced by this pathway, the 
rate of energy production ts not very high, So, It cannot 
meet the energy demand of a short burst of high energy 
activity. However, it is the principal source of energy 
(about 95%) in prolonged exercise of lower Intensity, 
e.g. in a marathon race. 


If oxygen supply is inadequate, Krebs cycle does 


not operate. In that case, glucose or glycogen may 
be converted to lactate without utilizing O,. ATP Is 
synthesized but in much less amounts. ‘This Is known 
as anaerobic glycolysis. 


. Although ATP formed by anaerobic glycolysis Is less 


per glucose molecule, its rate of production Is quite 
high (2.5 times that of aerobic glycolysis). This explains 
the fact that anaerobic glycolysis is the main source of 
energy in short stints of strenuous exercise of moderate 
intensity, e.g, 200-800 M sprint. 


Woticen Geer (6. 9.3) 


i. 


During exercise, oxygen supply to skeletal muscle Is 
increased through widespread vasodilatation which 
leads to increased blood flow. ‘Ihis increased O, uptake 
by the muscle can meet the energy demand through 
aerobic glycolysis only when the degree of muscular 
activity is within a certain limit. 
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Fig, 9.3) Oxygen dali, Dunig exercise, ttal rate of energy 
expenditure axcaaded anergy produced ty anidative metab, 
leading to oxygen debt, Oxygen consumption remains increased 
following exercise as oxygen debt Is repaid 


4. However Ii strenuous exercloe, the slow rate of energy 
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produced aerobically cannot fulfill the demand which 
Is far greater (In (ils situation, the extra energy Comes 
Hom: 
i, Phosphorylereatine 
b, Anaeroble glycolysis, 
The usefulness of anaerobic glycolysis is limited by 
the excess lacie acid produced, which brings down 
Intracellular pH and inactivates the enzymes, 
In aplte of this, these additional sources of energy 
enable the person to perform a much greater degree 
of activity than what l6 possible aerobically, though for 
a short period, 
‘This can be appreclated from the fact that in a 100 
M sprint, 65% of the energy comes from anaeroble 
nources, This is in sharp contrast to a slower but much 
more prolonged marathon race, where only 5% of the 
energy Is derived anaerobically and the remaining 95% 
comes from aeroble sources, 
Hven after an exercise ends, the performer continues to 
show Increased O, uptake for some time before the O. 
consumption ultimately comes down to basal level, 
‘This additional oxygen ls consumed to replenish 
phosphorylcreatine stores, restore the lost O, content 
of myoglobin and finally to dispose of the lactate 


. Consumption of this additional O. is proportional to 


the extra energy expended during the exercise over and 
above the energy produced aerobically. 

In other words, this is the debtofO. incurred during 
the exercise, Hence, itis appropriately termed O, debt 


This is determined by subtracting basal O, consumption 


from the Increased O, consumption after exercise. 


_ 0, debt is divided into two parts: Repayment of O- 


debt following exercise, by consumption of additional 











oxygen, is initially utilized to rebuild the phosphocre 


atine stores and also store oxygen in myoglobin, blood, 


ete. This is called alactic acid O, debi. 


The other part of repayment of O, debt is used to 
remove lactic acid produced by anaerobic glycolysis. 


This is termed lactic acid O, debt. 


@ Athletes, through training, increase their ability to exert 


by: 


muscles. 
b. Increasing the ability to utilize FFA. 


prior to an important sports event. 
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As the severity of exercise increases, the O, consumption 
of the performer gradually increases. But, at a certain 
percentage of VO, max (maximal rate of oxygen 
consumption), lactic acid begins to be released in blood. 
This is known as lactate threshold and this coincides with 
the onset of fatigue induced by lactic acid. Usually, in an 
average male, the value of lactate threshold is around 
60% of VO, max. 

However, in a trained athlete, the lactate threshold 
may be as high as 80% of VO, max. Thus, the athlete 
can perform a much higher degree of physical activity 
without feeling any fatigue induced by blood lactate. 


Bf MOTOR UNIT AND SIZE PRINCIPLE 


1. A single motor neuron divides into branches to supply 
a number of muscle fibers. These muscle fibers 
together with the motor neuron constitute the smallest 
functional contractile unit in the muscle and itis called 
a motor unit. 

2. The number of muscle fibers in a motor unit (innervated 
by a single motor neuron) varies in different muscles. In 
extraocular muscles, one motor unit contains very few 
muscle fibers which are, therefore, under finer control 
of the motor neuron. This enables these muscles to 
carry out fine and controlled movements. 

In contrast, motor units in hip or back muscles 
contain large number of muscle fibers. They produce 
powerful but coarse movements. 

3. Motor units contain same type of muscle fibers. Thus, 
they may be slow, oxidative type, consisting of type | 
muscle fibers or fast, glycolytic type consisting of type 
IJ muscle fibers. 


a. Increasing the rate of O, consumption in their 


~ Thev also increase glycogen content in their muscles, 
by taking carbohydrate-rich diet for several days 
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The slow, oxidative motor units have smaller number of 
fibers and they can produce smaller amounts of force. 
They are less prone to fatigue. 

During contraction, they are recruited (called inte 
action) first. This is because they are innervated hy 
smaller neurons. When a nerve fiber is stimulated, jr 
will cause greater depolarization in smaller neurons 
due to their smaller membrane surface area and they 
will be stimulated first. 

On the contrary, the fast, glycolytic motor units are large, 
having many muscle fibers. They are supplied by larger 
motor neurons with low excitability which explains 
that they are recruited last, only in strong contractions, 
These motor units are capable of powerful contraction 


but they are easily fatigued. 


. During a less powerful contraction, the smaller slow, 


oxidative types of motor units are first recruited. There 
are many such motor units which may act together. 
As there are many such smaller units, fine, graded 
contractions are possible. (By fine, graded contractions, 
itis meant that the force of contraction can be increased 
by very small increments at will.) These motor units are 
recruited in all types of muscle contraction, weak or 


strong. 


_ Asthe force of contraction increases, larger motor units 


which are, however, fewer in number, are gradually 
recruited in addition. The largest motor units are 
recruited only in very strong contractions, when all 
motor units contract. 


. This type of recruitment of motor units of gradually 


increasing size with increasing force of contraction 
is known as size principle. Also, this process of 
recruitment enables a muscle to perform contractions 
of widely varying strengths. 


. It can be observed that less powerful contractions are 


carried out by slow, oxidative motor units and they are 
less prone to fatigue. 

On the other hand, the most powerful contractions, 
where large fast, glycolytic motor units are recruited, 
are short-lasting as the glycogen is quickly depleted 
and fatigue sets in. 


. In this connection, it may be added that during 4 


submaximal (partial) contraction, the individual motor 
units fire asynchronously, i.e. the timing of contraction; 
of these motor units are different. These asynchranous 
contractions of different motor units merge together ‘0 
produce the smooth contraction of muscles, as found 1”! 
the case of muscle tone. This also helps in preventin; 
fatigue. 
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A. Long questions: 

1. Describe the phases of an action potential with a 
diagram. Mention its ionic basis, 

. What is RMP? Discuss the genesis of RMP. 

. Describe a neuromuscular junction with a diagram. 
Discuss how an action potential is transmitted from a 
nerve to the muscle across the neuromuscular junction. 

. Describe briefly the structure of a skeletal muscle. 
Discuss the mechanism of muscle contraction, 

. Write short notes on: 

. Nernst equation 

. Gibbs-Donnan-equilibrium 

. Refractory period 

. All-or-none law 

. Myasthenia gravis 

. Rigor mortis 

. Length-tension relationship 
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. Explain why: 
1. The intracellular space is electrically negative. 
2. Changes in ECF Na* concentration does not alter RMP 
to a significant degree. 

. K’ions play an important role in after-hyperpolarization. 

. Accommodation occurs in a nerve exposed to a slowly 
depolarizing stimulus. 

. Na*-K*-ATPase pump is important in maintaining cell 
volume. 


6. Rigor mortis occurs after death. 


D. Multiple choice questions: 


4 


. Skeletal muscle has a resting membrane potential 


of: 
a. +70 mV b. -50 mv 
c. -70 mV d. -90 mV 
2. In excitable tissue, ion with maximum diffusibility: 
a. Na* b. Kt 


c. Protein anion d. None of the above 
. A monovalent ion has an ECF concentration of 
200 mmol/ L and ICF concentration of 20 mmol/L. 
Equilibrium potential of this ion is: 
a. -60 mV b. -90 mV 
c. +60 mV d. +10 mV 
Type of intercellular junction allowing passage of 
small molecules between neighbouring cells : 
a. Tight junction b. Gap junction 


c. Zonula adherens d. Desmosome 4. 
5. Technique utilized in recording flow of current 
across a single ion channel: 5 


a. Voltage clamp 
c. lontophoresis 


b. Patch clamp 
d. Galvanometry 
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6, Which of the following ions is responsitie for 
hyperpolarization of action potential in a nerve? 
a, K' by, Ma’ 
¢.. Car? 4, cl 
7, A property of action potential, 
a, Does not obey all-ornone phenctnencn 
b. Decremental phenomenon 
C, Threshold stirnulus is required 


d. None 
8. Characteristic of EPSP: 
a. Graded b, Voyages 
c. All or none db, Yunnan ih wre 


9. Which of the following types of nerve injury carries 
the best prognosis? 
a. Neuropraxia 
b, Axonometsis 
c. Neurotmesis 
d. None of the above 
10. Not a property of neurotrophin: 
a. Maintains integrity of postsynaptic neurons 
b. TK-A is associated with Nerve Growth Factor 
c, Helps in growth of cholinergic neurons in basal 
forebrain 
d. Transported antegrade along the axon 
. Which of the following contains white fibers? 
a. Extraocular muscle 
b. Back rnuscle 
c. Hip muscle 
d, Intestine 


—_ 


12. Which is not characteristic of red muscle fiber? 


a. More rnitochondria 

b. Glycolytic metabolism 
c. More myoglobin 

d. High capillary density 


MCOs Answers 
1. 


Ans. d. RMP of skeletal muscle is -H mV. in 4 neuron, 
it is -70 MV; In intestinal smooth muscle, # 6 -50 my 
(Equilibriurn potential of Na’ is nearty +70 mvV) 


. Ans. b. K’ is the most diffusible ion in excitatile tissue 


Hence, RMP is most influenced by £, (Equilebrnarn 
potential of K° which is -90 rmiV) which is close to IAP 
an excitable tissue. 

Ans. c. Equilibrium potential of the ion = 60 log , (200/20) 
= 60 log,.10 = 60%1 = O mv 

Ans. b. Gap junctions allow exchange of snail mokecises 
between adjacent cells whereas tight punctions do nat 


. Ans. b. In patch clamp technique, 4 senall mece of 


membrane containing a single ion channel is sucked wen 
the micropipette and used to study current flow. 


Fs ASSESSMENT QUESTIONS 
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6. Ans.a.in an action potential, hyperpolarization is caused neurotmesis, there is rupture of axon or nerve and 
by K* ions which exit from the cell for a prolonged period prognosis for recovery is worse. 

through K* channels which remain open for a relatively | 10. Ans. d. Neurotrophins maintain integrity of postsynaptic 
long time. Thus, the membrane potential goes below the neurons and growth of cholinergic neurons in basat 
baseline (RMP) causing hyperpolarization. forebrain. TrK-A is the receptor associated with nerve 
7. Ans. c. Action potential requires a threshold stimulus growth factor. Neurotrophins are transmitted in retrograde 
whereas local response or graded potential is caused by direction along the axon (from axon terminal to cell body), 
subthreshold stimulus, shows decremental conduction | 11. Ans. a. White fibers are mainly composed of fast-acting, 
and unlike action potential, does not obey all-or-none glycolytic type II fibers. They have brief and rapid action 
phenomenon. as found in extraocular muscle. Back and hip contain 
. Ans. a. EPSP (Excitatory postsynaptic potential) is a postural muscles consisting mainly of red fibers. 
graded potential and spatial/temporal summation is | 12. Ans. b. Slow acting red muscle fibers have more 
possible. It is non-propagated, being limited locally. mitochondria and myoglobin with high capillary density, 
. Ans. a. Neuropraxia is the mildest form of nerve injury They have oxidative metabolism. White muscles have 
with reversible loss of function. In axonotmesis and glycolytic metabolism. 
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B FUNCTIONS OF BLOOD 


It helps in respiration by transporting oxygen (O,) from 
the lung to the tissues and carbon dioxide (CO,) from 
the tissues to the lung, 


. It supplies various nutrients, e.g. glucose, amino acids, 


fatty acids, vitamins, and electrolytes to all parts of the 
body. It also helps in the transport of drugs, hormones, 
minerals, etc. 


_ It transports various metabolic waste products, e.g, 


urea, uric acid, creatinine, etc, to excretory organs such 
as the kidney and thus helps In excretion. 


. Buffers present in blood help in maintaining acid-base 


balance of the body. 


. Blood plays an important role in maintaining body 


temperature in the following manner: 

a. It transfers heat from the deeper parts of the body to 
superficial areas like skin, which are in contact with 
externa] environment, 

b. Ithas a high specific heat, which prevents a sudden 
rise or fall of temperature. 

c, The high conductivity of blood helps in rapid 
transmission of heat from warm areas to cooler 
regions, 


. Blood, by virtue of neutrophils, monocytes, lympho- 


cytes, and the antibodies present in it, has a powerful 
protective function. 

{tacts asa reservolr for different substances, e.g, water, 
electrolytes, nutrients, etc, in the body. 


_ An important function of blood is hemostasis by which 


Joss of blood from injured site is diminished. 


\AUpefERMINATION OF BLOOD VOLUME 


It can be determined either by measuring plasma volume 
or by measuring cell volume. 


Me 


’ For all practical purposes, volume of red cells is equal 
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ement of Cell Volume 


to cell volume, as volumes of white blood cell (WBCs) 
and platelets are negligible. 


, Radioactive Fe” or Fe”, incorporated In ferric ammo- 


nium citrate, Is injected Into an individual with group 
“CQ” Rh-negative blood. This particular blood group is 
chosen because no untoward antigen-antibody reac- 
tlon occurs when this group “O” Rh-negative blood 
is Injected into any other type of blood (See p. 99 for 
explanation), 


, Ashemoglobin in red blood cell (RBC) contains Fe, the 


radioactive Fe becomes incorporated (tagged) with the 
newly formed RBCs, 


, About 70-100 mL of blood containing Fe”-tagged 


RBCs with known amount of radioactivity is now 
injected into the individual whose blood volume is to 
be determined, 


, The Fe”-tagged RBCs get diluted in blood of this 


individual, The degree of dilution can be measured by 
assessing the radioactivity of a certain volume of blood 
after dilution, From this, RBC volume, i.e. cell volume 
can be calculated. 


_ If hematocrit (packed cell volume) is known, blood 


volume can be calculated from the following formula: 


RBC volume 
Blood volume = ————-. * L100 
Hematrocrit % 


Estimation of Plasma Volume 


ar 
AK certain volume of the dye Evans blue, of known con- 


centration is injected intravenously into an individual, 
whose blood volume is going to be determined. 


2, Ifthe volume of dye solution is V, and its concentratidn 


Is C,, then amount of injected dye = V, x C,. 


3. 


ue 


6, 
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‘The injected Evans blue binds with plasma albumin 


and within 10 minutes, itis distributed throughout the 
plasma. 


. Now, 3-5 samples of blood are collected, cells are 


separated and the average concentration of the dye 
diluted in plasma is measured, Say, it is C,. 


. Asmall amount of the dye is excreted in the urine. This 


is determined. 
Ifthe plasma volume be V,, then amount of diluted dye 
=V,xC,,S0,V.xC =V,xC,+E(E= excreted dye) 


V,C,-E 
Or V, (plasma volume) = ——!— 


. 
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7 Blood volume can be calculated if hematocrit is known, 
Dyes commonly used include Congo red, Evans blue, 
etc, The dyes must fulfill the following criteria: 

a, Dye should have no toxicity. 

b. Dye should not undergo metabolic change. 

c. Dye should be confined to the plasma, i.e. it should 
not leave the blood vessel or enter into blood 
corpuscles. 

d. Measurement of the dye concentration should be a 
simple process. 

Normal blood volume is about 70 mL/kg, i.e. 
about 5 liter in an adult male. 
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Blood is composed of blood cells or corpuscles suspended 


| COMPOSITION OF BLOOD (FLOWCHART 11.1) 


S 
| 45% of whole blood while the remaining 55% is contributed 


by plasma. 
Again, only 9% of plasma is formed by solid constitu- 
ents, water accounting for the remaining 91%. 
The solid constituents include inorganic cations and 
anions (1%), plasma proteins (7%), and other organic 
_ substances, e.g. glucose, urea, etc. (Flowchart 11.1). 


_ Body Fluid Compartments (Fig. 11.1) 


1. Body fluids remain either inside the cells (intracellular 
compartment) or outside cells (extracellular compart- 





Formed elements 


Organic (8%) 





Plasma 


roteins (7%) 
p (7% 196) 





in plasma. Blood cells (formed elements) constitute about | ’ 


Urea and 
Glucose, etc. 


Composition of Blood 


and Plasma Proteins 





ment). Intracellular fluid (ICF) is separated from extra- 
cellular fluid (ECF) by cell membrane. 

2. Extracellular fluid, again, can either remain as plasma 
inside the blood vessels (intravascular compartment) 
or it may occupy the interspaces between cells as 
interstitial fluid. Exchange of fluid and other substances 
with the exception of plasma proteins can take place 
with ease between plasma and interstitial fluid across 
the endothelium of blood capillaries. 

So, the compositions of plasma and interstitial fluid 
are usually the same except for plasma proteins, which 
are confined within the plasma. 

3. Aminor fraction of ECF remains as transcellular fluid, 
which is fluid locked up within lumen of viscera, 
cerebrospinal fluid, intraocular fluid, etc. 


Flowchart 11.1: Composition of blood. 


[Boa 


Solids (9%) Water (91%) 









Inorganic (1%) 








(RBC: red blood cell; WBC: white blood cell) 


zx Section 3: Hematology 


= LL OG : :———n "wad 
re a. Total body water is measured by injecting known 
amount of D,O (deuterium oxide) and noting its 
concentration in body water after equilibrium. Fro, 
this, total body water can be calculated. 

b. Similarly, volume of ECF can be measured by 
injecting known amounts of inulin or sucrose. The 
concentration of inulin or sucrose, after thorough 
mixing, is determined after allowing for any excretion 
or metabolism. From this, ECF volume can be assessed. 

c. Interstitial fluid volume is calculated indirectly 
by subtracting plasma volume from ECF volume. 
Determination of plasma volume has been describeg 
already (see p. 63). 

d. Intracellular fluid volume can be calculated by 
subtracting ECF volume from total body water. 





Capillary Cell 
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Plasma (3.5 L) 
interstitial 
fluid (10.5 L) 
Intracellular 
fluid (28 L) 





fj PLASMA PROTEINS 


Total plasma proteins—6-8 g% 
It is classified into the following fractions: 
1. Albumin—3-5 g% 
2. Globulins—2-3 g% 
3. Fibrinogen—0.2-0.4 g% 
. Prothrombin—50 mg%. 
Normal A: G (albumin: globulin) ratio iy@bout 123° 
Plasma proteins are separated into various fractions by: 
A\. Salt separation: 

1. Globulins precipitate after half-saturation with 
ammonium sulfate. 

2. Albumin precipitates with full saturation of 
ammonium sulfate. The quantity of precipitated 
plasma protein is then measured. 

ectrophoresis: 

Plasma proteins have amino acids containing NH, 
and COOH groups. Due to the presence of COOH 
group, they behave as acids. Conversely, due to the 
presence of NH, group, they behave as bases. Now, 
in an alkaline medium, they behave as acids and 
form anions (COO°). On the other hand, in acidic 
medium, they behave as alkali and form cations 
(NH,"). 

2., Due to formation of these charged particles (cations 
and anions), different plasma proteins, during 
electrophoresis, move differentially in an electric 
field at a given pH. The rate of movement depends 
on their individual properties, pH of the medium, 
etc. 

. Thus, during electrophoresis, the different plasma 
proteins are separated into different bands and their 

quantity can be determined. 

Measurements of Body Fluid Volumes [Isoelectric pH is the pH at which the anions and 

The different body fluid volumes are determined by | cations are equal and the net electric charge is 0, the 

different methods: | protein being electrically neutral. | 


Fig. 11.1: Body fluid compartments. 


- Lymph, contained inside lymph vessels, constitutes 

another minor component of ECE It circulates between 

interstitial fluid and plasma. 

Thus, body fluids in man occupy several compartments: 

a. Plasma inside the intravascular compartment. 

b. Interstitial fluid in the interspaces between cells. 
(a) + (b) together constitute the extracellular fluid. 

c. Intracellular fluid that remains within cells. 

Transcellular fluid. 
In man, total body water, which is the sum of the 
volumes of all the above fluids, accounts for 60% 
of body weight. So, it has a volume of about 42 liter 
(assuming body weight to be 70 kg). 

b. Extracellular fluid constitutes 20%of body weight. 
So, it has a volume of about 14 liter. 25% of this 
(about 3.5 liter) is contributed by plasma (5% of 
body weight) while 75% (10.5 liter) is contributed 
by interstitial fluid. 

c. Intracellular fluid constitutes 40% of body weight. 
50, it has a volume of 28 liter, | 

d. Transcellular fluid has a volume of about 1-2 liter. 

Compositions of ICF and ECE, which are separated 

by cell membrane, are remarkably different. Sodium- 
potassium adenosine triphosphatase (Na‘/K*-ATPase) 
pumps present in the cell membrane extrude Na‘ from the 
cell and bring in K’. As a result, Na’ ions are abundant in 
ECF whereas K" ion concentration is high in ICE. 

Proteins and phosphate anions are present inside the 
cell in large amounts whereas Cl ions remain bound to 
Na’ ions in ECF. 
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§ SRIEF DESCRIPTION OF INDIVIDUAL PLASMA PROTEIN 


— A, Albumin: 


bg 


a. It consists of albumin (molecular weight 69,000 
and prealbumin (molecular weight 60,000). 

b. It is almost exclusively synthesized in liver. Hence, 
its concentration is appreciably decreased in severe 
liver disease. 

c. Due to its smaller size and highest proportion, 

the molecules of albumin are responsible for 80% 

of colloidal osmotic tension exerted by plasma 

proteins. 

It may be recalled that colloidal osmotic tension 
is a colligative property. So, it is dependent on the 
number of particles in solution. The smaller size 
(low molecular weight) and greater quantity of 
albumin result in presence of much greater number 
of albumin molecules in plasma than molecules of 
other plasma proteins. This explains why nearly 
80% of colloidal osmotic tension is contributed by 
albumin. 

Itis responsible for the transport of bilirubin, certain 

hormones, drugs, etc. 


d. 


2./Globulins: 


Ww 


a. Their molecular weight ranges between 90,000 and 
156,000. 
Unlike albumin, they are only partly synthesized in 
liver. The remaining part, which includes y-globulin 
derived from plasma cells, is quite significant in 
amount. So, in liver disease, globulin level is not 
altered much. Thus, in severe liver disease, the 
albumin level decreases appreciably whereas 
globulin level is not much reduced. So, albumin: 
globulin ratio, which is normally about 1.7:1 is 
reversed. 

. Globulins are classified into several subgroups, e.g 
g.,, 0.,, B,, B, and y based on electrophoretic pattern 
(differential movement on electrophoresis). 

. Transport proteins like haptoglobin (carries 
hemoglobin), ceruloplasmin (carries copper), and 
transferrin (carries iron) are globulins. 

. Globulins include various types of lipoproteins, 
e.g. high-density lipoprotein (HDL), low-density 
lipoprotein (LDL), very low-density lipoprotein 
(VLDL), and chylomicrons. 

Immunoglobulins, i.e. the antibodies present in the 
body, are actually y-globulins (p. 108 for details). 


b. 


om 


f. 


. Fibrinogen: 


a. 
b. 


It has a molecular weight of about 350,000. 

It is an important blood coagulation factor 
synthesized in liver (p. 93). 

. Its asymmetrical shape is largely responsible for 
viscosity of plasma. 
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Prothrombin: It is another coagulation factor synthe- 
sized in liver. Its molecular weight is 68,000. 


) |B PLASMAPHERESIS 


This process involves separation of plasma from blood 
cells. Whipple performed a simple experiment in an 
animal. In this, some amount of the animal’s blood 
is withdrawn and the plasma is separated. The blood 
cells are then suspended in Ringer-Locke solution and 
reinjected into the animal. 


. This procedure, repeated daily, resulted in gradual 


lowering of the plasma protein level because plasma 
protein removed exceeded the amount of regenerated 
plasma proteins. This was continued for some weeks 
until the plasma protein level fell to about 4 g%. In this 
way, the protein reserves were exhausted. 

Now, specific diets were supplied to the animal and 
their effects on plasma protein level were noted. 


. It was observed that on starving the animal, plasma 


proteins were synthesized at the expense of tissue 
proteins. Also, it was observed that inclusion of the 
10 essential amino acids in the diet helped in prompt 
synthesis of plasma proteins. It was further noted that 
similarity of the amino acid pattern of a food protein 
with that of a particular plasma protein, greatly 
facilitates the synthesis of that particular plasma 
protein. 


NCTION OF PLASMA PROTEINS 


laintenance of colloidal osmotic tension: 

4. The plasma inside blood vessels contains colloidal 
protein molecules. These are impermeable through 
vessel wall whereas water and other crystalloids 
freely pass through it. As a result, plasma proteins 
exert colloidal osmotic tension across capillary 
walls, which is about 25 mm Hg. This osmotic 
tension tends to draw fluid inside the blood vessel. 

. Albumin, due to its smaller size and highest 
concentration among plasma proteins, has the 
largest number of particles. So, it contributes to 80% 
of the colloidal osmotic tension (see above). 

. Colloidal osmotic tension and hydrostatic pressure 
at the arterial and venular end of capillary regulate 
tissue fluid formation and absorption (hydrostatic 
pressure is pressure exerted by fluid on vessel wall 
tending to drive the fluid outside the blood vessel. 
It is identical with the blood pressure exerted on 
the vessel wall locally. At the arterial end of the 
capillary, this pressure is about 32 mm Hg and at 
the venous end of capillary, it is about 12 mm Hg). 
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d. Colloidal osmotic tension decreases when Pron Mea 
concentration of plasma protein ts reduced, Ths ah 25 
nay occur in liver disease (decreased synthesis al 
proteins), kidney disease (increased excretion of 
proteins), or starvatlon (decreased avallability of 
proteins). All these conditions, by reducing osmotle 
tension, lead to increased passage of fluid to tissue 

ausing edema (vide infra).  ateitaah enti 

en, prothrombin, ete, help a a ashore lan 
stop unwanted blood 
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space ¢ 

- Plasma proteins like fibrinog 

in coagulation of blood. ‘These 
loss from injured site. 

_ Plasma proteins are im 

maintaining acid-base balance. 

_ Plasma proteins play an important role in the transport . ' 

of drugs, hormones, metals and also CO... 5 Fluid is forced out of the capillary into the interstitial 

; space by capillary hydrostatic pressure together with 


Fig, 11.2: Filtration at the arterial and venous ends of capillary, 


portant buffers, So, they help in (Pian ™ capillary hydrostatic pressure, 1, capillary oncanic pressure, 
P = Interstitial hydrostatic pressure, NI, = interstitial oncotic pressure) 


*Gamma-globulins provide immunity to the body 
against foreign antigens. So, they have an important the suction effect of interstitial colloid osmotic pressure, 
protective function. 6. On the other hand, fluid is drawn inwards into the 

capillary by capillary colloidal osmotic tension and 


_ Plasma proteins, specially fibrinogen, due to its asym- 
metrical shape, are chiefly responsible for viscosity 
of plasma. This affects blood pressure by altering 
peripheral resistance. 

7. Plasma proteins act as a protein reservoir, which may 

be drawn upon in times of need. 

8. The lipoproteins, which are one type of globulins, play 


interstitial hydrostatic pressure. 
7. The balance between these forces determines the 
direction of net filtration. 
Now, interstitial hydrostatic pressure is negligible and 
interstitial colloidal osmotic tension is also low (about 
3 mm Hg). Thus, an example of the interaction of the 





an important role in transport of lipids in the body. Starling forces is as follows: 
9. Fibrinogen and globulin enhance rouleaux formation a. In the arterial end of the capillary, 
and increase erythrocyte sedimentation rate (ESR) (see P =35mm Hg approximately. 
cap 
p. 84). P =0mm Hg 
T,4)= 29 mm Hg 
P COLLOIDAL OSMOTIC TENSION, STARLING HYPOTHESIS m= 3mm Hg 
AND EDEMA (FIG. 11.2) Therefore, net filtration pressure = (35 - 0) - (25 - 3) 
(1. Plasma proteins are chiefly responsible for the colloidal “ ng ssi Hg. fea aiihe’ 
osmotic tension exerted by blood. : O, ul moves out into the interstitial space from 
2. Albumin, which is present in highest proportion and the capillary lumen. 
has the lowest molecular weight, contributes to about [Note that, if Teap falls to 20 mm Hg, net filtration 
80% of the colloidal osmotic tension. pressure becomes (35-0) - (20-3) = 18 mm Hg. So 


more fluid is filtered out.| 






3. Capillary hydrostatic pressure and colloidal osmotic 

tension determine the rate of fluid exchange at the b. In the venous end of the capillary, 
capillary level. P p= 12mm Hg approximately 

<_4-Filtration of fluid is governed by Starling’s hypothesis, P= 0mm Hg 
which states that, F = Kp {(P_,, - P,) - (t,,,- m,)}.where, T.4,= 29 mm Hg 
F = Amount of filtered fluid. m,= 3mm Hg. 
Kp = Permeability coefficient, which depends on Therefore, net filtration pressure = (12 - 0) - (25 - 3) 
permeability of capillaries and total capillary surface mm Hg = -10 mm Hg. 
area, | So, fluid moves into the veins from interstitial space 
Oa Capillary hydrostatic pressure. (Note that, if Rew, falls to 20 mm Hg, net filtration 
P = Interstitial hydrostatic pressure, (pressure exerted pressure becomes (12 - 0) - (20 - 3) = -5 mm Hg 
by interstitial fluid). So, less fluid is returned by the veins. | 
m,, = Capillary colloid osmotic (oncotic) pressure. 9, ‘Thus, colloidal osmotic tension has a major role to play 


y ° 
nt = Interstitial colloid osmotic pressure, in effecting fluid exchange at capillary level. 
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E EDEMA 
1. Edema may be defined as colle 
interstitial space, 

2. Ifdue to any cause, plasma protein le 





Artarlole Veriule 


ction of fluid in the 


Vel is diminished, 


. , Keay = 25mm Hg Nigg 2 Capillary 
colloidal osmotic tension decreases, In the above n= 3mmHyg oncotic 
discussion, it was shown that, in these circumstances pressure 
x_ =20mm Hg) net filtrati 5 = interstioe 
(€.8. T= g tration pressure will increase slr 
at the arterial end while the net filtration pressure will iol 


be Jess negative at the venous end of the capillaries, 

3. This means that more fluid will leave the capillary at 
the arterial end while less fluid will be absorbed at the 
venous end. So, fluid will accumulate in the interstitial 


. 7 ; The hydrostatic pressure drops steadily from 35 mm Hg at 
space, giving rise to edema or swelling of parts of body 
specially dependent parts. arteriolar end of capillary to 12 mm Hg at venous end and net. 


: filtration pressure drops from 13 mm Hg at arteriolar end to 
4. Causes of edema due to decrease in plasma proteins are: -10 mm Hg at venous end. Note that direction of fluid movement 
qa. Severe malnutrition. 


is reversed midway in the capillary (see text). 
b. Liver disease leading to defective synthesis of Fig. 11.3: Filtration forces in capillaries. 





plasma proteins. | 
c. Renal disease, e.g. nephrotic syndrome, where a regulated by the open or closed state of the precapillary 
large amount of protein passes out into the urine sphincters. When these are open, blood flows through 
through the glomerular filter. the capillaries at a high rate and filtration occurs across 
the entire length of the capillary. In contrast, in closed 
Points to note: 


capillaries, filtration is totally absent. 

|. As the hydrostatic pressure gradually diminishes from 3. The outward net filtration pressure at the arterial end of 
the arterial end to the venous end of the capillary, fluid the capillary (about 13 mm Hg) is more than the inward 
‘lows out in the first half of the capillary while fluid net filtration pressure at the venular end (about -10 mm 
s reabsorbed from the second half of the capillary Hg). Therefore, the amount of fluid filtered out of the 
(Fig. 11.3). capillary is more than the amount of fluid reabsorbed. 

-. However, it should be noted that, in reality, things 


ne One of the prime functions of the lymphatic system is 
may be a little different. Blood flow in the capillaries is to recover the lost fluid from the interstitium back into 


the plasma. 

Other causes of edema Because of this drainage of extra fluid filtered out 
2. Venous obstruction, e.g. pregnancy—dueto tcapill from arterial side of capillary via lymph, the venous 
- filtration pressure eee oe -? blood is concentrated leading to increased hematocrit 
b. Rise in tissue protein concentration, e.g. in allergy, in venous blood (p. 145). 


inflammation, etc. 
Here, edema is localized and it is caused by protein l CREACTIVE PROTEIN 


leakage from blood vessels due to increased capillary | , «This is one of the acute phase proteins whose plasma 


permeability. levels increase in acute inflammatory states or in 
(Presence of extra protein in tissue space increases certain types of tissue injury. 
osmotic pressure in interstitial fluid. This leads to 9 


. Itis so named because it reacts with C polysaccharide 
accumulation of fluid in the interstitial space with of pneumococci. 


the formation of edema.) 3. Its level may rise up to 1,000-fold in acute inflammation. 
c. Lymphatic obstruction, e.g, filariasis—here lymphatic | 4  {t can stimulate the classical complement pathway. 


blockage causes edema and may cause large swelling 5. Interleukin 1 released from monocytes appears to 
as occurs in lymphedema. stimulate synthesis of acute phase proteins. 
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B MORPHOLOGY OF RED BLOOD CELL (FIG. 12.1) 


1. A red blood cell (RBC) is a nonnucleated, circular, 
biconcave, and disk-shaped cell. Due to the discoid 
shape, it is circular but at the same time, it looks 
biconcave in profile view. 

2. Its diameter is, on an average, 7.2 um, range being 
6-8.8 um. 

3. In profile view, an RBC is biconcave with the center 
thinnest having a thickness of about 1 pm. The 
peripheral parts are thicker, being 2.2 ym thick. 

Ad vantages of the biconcave shape: 

a. Due to the flat discoid shape, all parts of the cell are 
close to the surface. This enables easy and quick 
diffusion of gases. 

b. The surface area of biconcave RBC is greater than 
that of a spherical RBC of same size. Thus, greater 
surface area is available for exchange of gases 
(surface area of a normal RBC is 140 pm’). 

c. Due to biconcave shape, RBCs can fold and squeeze 
oe capillaries with relative ease. 

~ e biconcave shape makes an RBC much more 

resistant to lysis during osmotic swelling. In 
hypotonic solution, water enters into the RBC by 
osmosis and makes them swell. But as the RBCs 
are biconcave, entry of a sizeable amount of water 
is needed to make the RBC spherical at first. Only 








Fig. 12.1: The biconcave and circular shape of a red blood cell. 


The Red Blood Cells 





after this, further entry of water may cause lysis of 
the RBC. Thus, osmotic fragility of RBC is decreased 
due to its biconcave shape. 
The biconcave shape is maintained by proteins 
such as spectrin, ankyrin, etc. 
\5<Price-Jones curve (Fig. 12.2): 

a. If the diameter of RBC is plotted against the 
corresponding number of RBC, we get a curve 
which is called Price-Jones curve. 

b. It shows that the RBC has an average diameter of 
about 7.2 um. 

c. Ifthe curve shifts to the right, i.e. the average diam- 
eter is larger, the condition is called macrocytosis, 
e.g. megaloblastic anemia. 






Normal curve 





— Curve in 
macrocytosis 


Curve in——i 
microcytosis 
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Fig. 12.2: Price-Jones curves in normal persons, 
microcytosis, and macrocytosis. 
(RBC: red blood cell) 
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; d Conversely, a shift to the left represents microcytosis, | 


when the average diameter is smaller, e.g. iron (Fe). 
deficiency anemia, | 


g. Some other common terms: 
a. Anisocytosis—the RBCs show variation in size. 
t. Poikilocytosis—the RBCs show variation in shape. 


with the enzyme methemoglobin reductase, reduces 
any methemoglobin formed to Hb 


FUNCTION OF RED BLOOD CEL 


_ Helps in the transport of oxygen (O,,) and carbon dioxide 


— 


ce. Spherocytosis—the RBCs are sphericalinshape. | (CO,). 
q. Filiptocytosis—the RBCs are elliptical in shape, | 2. Provides buffer in the form of Hb and thus helps in 
e. Basophilic stippling, Cabot’s ring, Howell-Jolly | maintaining acid-base balance. 


bodies, and Heinz bodies—basophilic Stippling (due 
to aggregated ribosomes) and Cabot's ring (nuclear 
remnants) are found in lead poisoning. Howell-Jolly 
bodies are found in megaloblastic anemia. Heinz 
bodies are aggregates of denatured hemoglobin 
(Hb) found in hemolytic anemia caused by glucose- 
6-phosphate dehydrogenase (G6PD) deficiency. 


” . 
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. Maintains viscosity of blood. 
If Hb were extracellular, the possible consequences 
would have been: 

a. The increased osmolarity caused by extracellular Hb 
would have caused a much higher blood volume by 
drawing fluid inside the blood vessels. 

b. The increased viscosity would increase peripheral 
resistance and, therefore, increase BP. 

c. Both the above effects would have increased the 
amount of cardiac work (to an unacceptable level). 









g METABOLISM OF RED BLOOD CELL 


- } An RBC has no nucleus, mitochondria, or ribosome. 
But, it requires energy for the ion pumps, i.e. Na*/K* 
ATPase in the cell membrane, which are essential for 
maintaining its ionic environment. 

The energvis derived from glucose, which is metabolized 
through the Embden-Meyerhof pathway. Thus, one 
molecule of glucose produces only two molecules of 
ATP. This is because, in RBC, the TCA (tricarboxylic 
acid) cycle is inoperative due to lack of necessary 
enzymes. 2,3-diphosphoglycerate (2,3-DPG) is a 
byproduct of the glycolytic pathway. 


REDITARY SPHEROCYTOSIS AND OSMOTIC FRAGILITY 


1. Hereditary spherocytosis is an autosomal dominant 
disease in which RBCs are spherical in shape. 

2. The normal biconcave shape is maintained by cytoskel- 
etal proteins called spectrin and ankyrin, situated just 
beneath the cell membrane. A transmembrane protein 
called band 3 is also involved. 

3. In hereditary spherocytosis, these proteins are 

defective. As a result, the shape of RBC is spherical. 

Glucose is also metabolized through the HMP | 4 The spherical shape makes the cells more fragile 

‘hexose monophosphate) shunt pathway catalyzed by osmotically. In hypotonic solution, water enters into 
the enzyme G6PD. This pathway produces dihydro RBCs and makes them swell. These RBCs soon burst 
nicotinamide adenine dinucleotide phosphate as the cells are already spherical. 

(NADPH) in significant amounts (NADPH is | 5, Thiscanbe detected in osmotic fragility test, as follows: 
hydrogenated NADP. It is an important coenzyme for a. A number of test tubes containing NaCl solutions 
oxidation reduction reactions). of different strengths between 0.9% and 0.1% in a 


to 


Lead 


4. This NADPH keeps the GSH (glutathione) in reduced diminishing order are taken. One or two drops of 
form. Reduced GSH protects the RBC from the attack blood are dropped in each tube. 
of oxidant molecules such as superoxide anions, drugs b. Normal RBC, which is isotonic with 0.9% NaC! 
like primaquine, etc. Reduced GSH becomes converted 


solution, begins to undergo lysis in the test tube 


to oxidized GSH in the process. containing 0.5% NaCl solution. Lysis is complete in 

This oxidized GSH must be converted back to the test tube containing 0.3% NaC! solution. 
reduced GSH once again for the continued antioxidant c. In hereditary spherocytosis, hemolysis starts at 
action of GSH. This reduction is done by NADPH a higher strength, i.e. 0.6% NaC! solution. This 
obtained from HMP shunt pathway. clinches the diagnosis. 


5:So, G6PD deficiency leads to deficient production of 
NADPH through HMP shunt pathway — oxidized | @ rye GENERAL SCHEME OF DEVELOPMENT OF BLOOD CELLS 
GSH is not reduced — in the absence of reduced GSH, | 
oxidant drugs and chemicals inflict injury on the RBC |_ 1. Blood cell develops from stem cells which are the 
cell membrane causing hemolysis — hemolytic anemia. primitive cells in the stages of development. The most 
6. Dihydro nicotinamide adenine dinucleotide (NADH) | primitive stem cell is the pluripotent stem cell which 
produced in the Embden-Meyerhof pathway along _—_can give rise to all types of cells (pluri = multiple). 


= 


ay i i ycommitted 
2. The pluripotent stem cell differentiates Into ¢ " 
of two types, (1) committer 


stem cells. These are | 
2) committed lymphoid stem 


mveloid stem cell and ( 
cell . 

2. Committed hmphoid stem cell gives rise to lymphocytes 

only whereas committed myeloid stem cell gives rise to 
all the other varieties of blood cells. 
The committed stem cells differentiate to form pro- 
genitor cells. Progenitor cells have little or no capability 
of self-renewal (see below). The committed myeloid 
stem cells give rise to multipotent progenitor cells 
called colony forming unit for granulocyte, eosinophil, 
monocyte and megakaryocyte (CFU-GEMM), which 
ultimately gives rise to granulocytes, erythrocytes, 
megakarvocvtes, and monocytes, i.e. all types of cells 
except lymphocytes. CFU-GEMM has some properties 
of self-renewal and hence, it may be classed as a subset 
of myeloid stem cell. CFU-GEMM cells give rise to more 
differentiated progenitor cells, such as burst forming 
unit for ervthrocyte (BFU-E) and colony forming unit 
for erythrocyte (CFU-E) in case of erythrocytes and 
colony forming unit for granulocyte and monocyte 
(CFU-GM) in case of granulocytes and monocytes. 
These progenitor cells, in turn, give rise to blast cells. 

. Unlike its precursors, blast cells can be identified 
individually under the microscope. These cells are 
confined to bone marrow and they are not normally 
found in circulation. Presence of blast cells in peripheral 
blood signifies disease. 

6. The blast cells pass through several stages of develop- 

ment, ultimately producing the mature, fully differenti- 
ated cell. 





B CELL RENEWAL 


1. The stem cells not only divide to produce more mature 
or differentiated cells but part of the stem cells divide 
to produce new stem cells. This process is called cell 
renewal. 

2. This is very important because if all the stem cells are 

converted into more mature cells, the production of 

cells will come to as top. 

But, as the proportion of stem cells is maintained 
by cell renewal, production of mature cells can go on 
without interruption, 







~_JFERYTHROPOIESIS (FIG. 12.3) 


1. Erythropoiesis simply means generation of RBCs. As the 
RBCs are destroyed after a short life span of 120 days, 
they must be continually replaced by new red cells. That 
is why the erythropoietic process is so important for the 
body. 
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Fig. 12.3: Steps of erythropoiesis. 
(RBC: red blood cell) 


. Erythropoiesis starts at the third week of intrauterine 


life in the mesoderm (area vasculosa) of the yolk sa¢. 
It continues at this site till third month. This is the only 
period when erythropoiesis is intravascular (Fig. |2.4): 


. From the third month to the 5th month, erythropoiesis 


takes place in liver and spleen. 


- From the 5th month onwards, erythropoiesis takes piace 


in the bone marrow (medullary hematopoiesis) and this 
continues as such even after birth. 


. At birth, the bone marrow is entirely of the active red 


bone marrow type. 
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Fag. 12.4: Oftierent hematopoietic sts in utero, 
(= wole sac 2 ster, 3 = spleet and 4 = pore area’) 


6 In adults however, the distal parts of the long bones 
contain inacuve yellow bone marrow. Ped bone mesron 


in adults is confined to the proximal ends of the long. 


bones as well as the fiat bones of the body, such as, the 
bones of skull pelvis, vertebrae, semum, and ribs. 
Now. Red bone marrow versus ydlow bone marron: 
2 Red bone marrow contains all kinds of blood cells 
and their precursors wheseas yellow bone manonw 
comains faa cells, reticulum ceils, blood wesseds, and 
fibers. 

5. Red bone marrow is active and forms BBCs, 
grnulocyles, some amount of monocytes and 
ivmphoctes and also platelets. Macrophages 
hning blood sinuses can destroy KBCs. Yellow bone 
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é InATOW is inactive. 
_ ©. Distribution of red bone marrow znd ydlow bone 
rnariow has been mentioned above. 
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. However, in cases of extreme emergency, yellow 


rouanedullary hematopoiesis in liver and spleen can 
Zw GUO under these Gramnsiances. 


. The pluripotent tom cell is the minors primitive cell from 

which al cells are formed. So, 0 is the most primitive 
precureor of al Kis. 

. The pluripment sem cells give rise to committed stem 
Ls which ase the preassors A the progenitor ells. 
Cosnsnined sem odlls ase A taro types: 

_ Conmitied mydeid sem zy 

2. Conunticd bymnpriia tem 
The commined myeloid aem cells give rise to 
multipoint progeniua cells called CFU-GLMM 


N 


yUne marrow is reconverted into red bone marrow. 


_ Chapter TR: Thee Send Biarxd Catt 


by Sibi 


(p 72), which cbtierateby give tine 1) VBL 4 ini adcbinion: 
% Baruien yen, cmemociies, are phatelets 
Thee OPUS GEMM cots. dentined y produce PBXs tre 
ve tine ty UE cells and then thew BEI) £ cells gore 
reer ty CPUS colle 


. The CPU-E cofia are highhy wenaitirve to erpthecapeietic: 


atric hy is exserstial tox their gromth and dflerertiation. 

Pronorres that 

a The CFU-E cells give rise 0) promormoblax of 
proerythrobhas—the first ceil of the erythracye 
series that can be identified microscopically 

b. Pronenmablasts ze 13-20 ym in diameter 

C The rucieus is large, about 12 ym mi diameter, has 
teveral nuclenh and shams mitanis. 

ad. Both the ee and cytoplasm are strongty 


2 Pronormoblasts give rise to cathy normoblaszs. 
These are amnailer, zcbout 10-17 gm in diametex 

b. The nucleus is large in size and shows mitosis. The 
recieoh are cbsent. 

c. Hemogobm begins to appear im the late phases of 
this stage. 


. Intermeiiatc ( pokychr omatophilic normoblast. 


a Intermediate normoblasis are the next group of 
cals in the erythropoietic process. 

b. They are 10-14 pan in diameter. 

c. Hemogebin appears in appreciable amounts and 
this gives rise to polychromasia as Hb is eosmophilic. 

d_ Mitosis stops late in this stage. Nucleus is smaller 

sr since sioea persapicrast 
4a Lae normoblasts arise next They are 7-10 um in 
diameter. 

6b. The nucleus is small. Chromatin becomes 
condensed producing “cartwheel appearance’. The 
tes “pyknotic’ is applied to the deeply stained 
nucleus. 

c. Cyteplasm is markedly eosinophilic due to presence 
of increased amounts of Hb. 
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a. They arise from late normobiasts. From these ceils, 
the nuclei have been extruded. 

b. However, 2 basophilic reticulum made up of RNA is 
present in the cytoplasm. That is why these cells are 
called reticulocytes. 

¢. The cytoplasm is full of Hb but it is pofychromato- 
philic due to the presence of basophilic reticulum. 

d. Sore of the reticulocytes circulate in the biood. In 
newborn children, they form 2-6% of the circulating 
REL. 
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Within a week, this comes down to 1%, which 
continues for the rest of the life, 
In conditions of acute hemolysis or in periods of 
recovery from severe anemia, the RBC production 
is sharply increased, In these conditions, the 
reticulocyte count may go up to 25-30%.This is 
known as reticulocyte crisis. 
10. Mature RBC: 

a. Reticulocytes finally transform into mature, 
biconcave RBCs. They are 6-8.8 jum in diameter 
(average 7.2 um). 

b. The mature RBC does not contain nucleus, 
mitochondria, or ribosome. 

c. In all, RBCs take 7 days to mature from the stage of 
pronormoblast. 
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\\ MAAACTORS INFLUENCING ERYTHROPOIESIS 


These are: 
1. Local hormones, interleukins, stem cell factor (SCF), 

etc. 

Erythropoietin. 

Vitamins—C, B.., and folic acid. 

. Nutritious diet. 

. Hormones—thyroxine, growth hormone (GH), testos- 
terone, etc. 
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Local Hormones 


The conversion of stem cell to progenitor cells is influenced 
by several factors. These are: 

a. Interleukin 1, 3, and 6 secreted from T lymphocytes. 

b. Stem cell factor—a cytokine. 

c. Granulocyte macrophage colony stimulating factor—a 
local hormone secreted from T lymphocytes, 
macrophages, and fibroblasts. 







ropoietin 


. It is a hormone produced from the peritubular 

interstitial cells of the kidney. 

b. 85% of this hormone is produced from the kidney and 

15% of the hormone is produced in the liver. 

. Itis a glycoprotein with 165 amino acid residues and 4 

oligosaccharide chains. 

Wt stimulates erythropoiesis by accelerating the division 
of erythropoietin-sensitive erythrocyte precursors from 
CFU-E onwards. 

e. Secretion of erythropoietin from the kidney is stimulated 
by hypoxic conditions, e.g, renal artery stenosis, high 
altitude—resulting in polycythemia. 

f. Conversely, anemia occurs in renal disease due to 

nonproduction of renal erythropoietin (erythropoietin 
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wersted from liver cannot compensate for abseny 
renal erythropoietin). Erythropoietin synthesized 
recombinant technique is now successfully used j, 
treat anemic patients with renal failure. 


Note: Injection of recombinant erythropoietin 
stimulates RBC production and augments exercise 
capacity. This fact is often abused by unscrupuloug 
athletes to improve their athletic performance. So, 
antidoping tests, which can detect this illegal use of 
erythropoietin, are routinely done before important 
competitive athletic events. 


Vitamins 


a. Vitamin B,,and folic acid: 

= The actions of these two vitamins are interrelated, 
They help in the synthesis of deoxyribonucleic acid 
(DNA) and therefore they are essential in cell 
division. 

a When they are deficient, division of erythrocyte 
precursors is hampered due to impaired DNA 
synthesis. But cytoplasm grows normally, leading 
to large cells with increased ribonucleic acid 
(RNA):DNA ratio. These large precursor cells are 
known as megaloblasts and the condition is called 
megaloblastic anemia. 

= Role of vitamin B., and folic acid derivatives in DNA 
synthesis (Fig. 12.5): 
¢ For DNA synthesis, deoxythymidilate has to 

be produced from deoxyuridilate and for this, 
5,10-methylenetetrahydrofolate is required. 
¢ 5,10-methylene tetrahydrofolate may be obtained 
from tetrahydrofolate which is produced by 
demethylation of methyltetrahydrofolate in 
blood. 
¢ The demethylation is done by vitamin B,,, which 
is converted to methylcobalamin in the process. 
This methylcobalamin is converted back to 
vitamin B, (cobalamin) by homocysteine, which 
accepts the methyl group and itself becomes 
converted to methionine. 
¢ The liberated vitamin B,, continues to demethy!- 
ate methyltetrahydrofolate and DNA synthesis 
continues. 
_(#/ Vitamin B,, is normally absorbed from the terminal 
ileum of the gastrointestinal (GI) tract. 
¢ Intrinsic factor, secreted from parietal cells 
of gastric mucous membrane, is required for 
absorption of vitamin B. . Deficiency of intrinsic 
factor leads to pernicious anemia (see below). 
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Fig. 12.5: Role of vitamin B,, and folic acid in DNA synthesis and folate trap. 


(DNA: deoxyribonucleic acid) 


Methylene tetrahydrofolate is converted to methyltet- 
rahydrofolate in an irreversible reaction. This methy]- 
tetrahydrofolate cannot reenter the body folate pool 
unless it is demethylated to tetrahydrofolate (THF) by B 
(cobalamin). This is called the folate trap. 

In this way, B,, deficiency causes a secondary folate 
deficiency preventing synthesis of DNA and producing 
megaloblastic anemia. 

Again, homocysteine is methylated to methionine, 
tne methyl group being donated by methylcobalamin 
which, in turn, is formed during demethylation of 
methyltetrahydrofolate by B.. 

So, B., deficiency, in addition to causing accumu- 
-auon of methyltetrahydrofolate in the folate trap, 
decreases synthesis of methionine which is the precursor 
of S-adenosyl methionine, an important compound 
related to myelination of neuron. 

Administration of exogenous folic acid in pernicious 
anemia caused by B., deficiency, replenishes the folate 
deficiency, promotes DNA synthesis and improves the 
nematological symptoms. But, S-adenosyl methionine is 
not formed and neurological symptoms progress. ‘That is 
why administration of folic acid is contraindicated in B,, 
deficiency. 


b. Vitamin C—It helps in reducing iron from ferric to 
ferrous state. Thus, it helps in absorption of iron from 


the GI tract as iron is absorbed in ferrous form. 


Hormones 


Hormones like thyroxine, GH, and adrenal steroids possibly 


play important role in erythropoiesis. 


Meter 


Diet 


a. Nutritious diet rich in protein, minerals, and vitamins 
are essential for erythropoiesis. 

b. Protein is directly needed for the synthesis of the globin 
part of Hb. 

c. Minerals like Cu**, Co*t, etc. act as cofactors while Fe is 
needed for heme synthesis. 

d. Role of vitamin B,, and folic acid has already been 
mentioned. Vitamin C helps in iron absorption. 


B PERNICIOUS ANEMIA’ 


1. Itis an autoimmune disease in which: 

a Autoantibodies are directed against parietal cells, 
the source of intrinsic factor. 

b Antibodies may prevent binding of intrinsic factor 
to vitamin B.,. 

c Antibodies may interfere with the binding of intrinsic 
factor—vitamin B,, complex with the receptors in 
the terminal ileum, prior to its absorption. 

2. Due to these anomalies, vitamin B,, cannot be absorbed 
and ultimately this causes vitamin B,, deficiency. This 
result in pernicious anemia, a type of megaloblastic 
anemia (see above). 

In such patients, mean corpuscular volume 
(MCV) may increase up to 150 p’, mean corpuscular 
hemoglobin (MCH) may increase to 50 pg, mean 
corpuscular hemoglobin concentration (MCHC) is 
normal, reticulocyte count is low. As the megaloblastic 
cells occupy more space in the bone marrow, there 
is less space for the precursors of white blood cells 
(WBCs) and platelets. Hence, WBCs and platelets 
decrease in number in circulation. 
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3, Neurological foatures: Neurological dystunction occurs 
in advanced cases of pernicious anemia due to vitamin 
B, deficiency, This includes tingling and numbness 
in hands and also motor symptoms, This ts due to 
demyelination of posterior columns of spinal cord often 
Ooxtending to lateral columns, ‘This is termed subacute 
combined degeneration of spinal cord. 
Probable biochemical basis ot neurological 
features: 
a In vitamin B,, deficiency, there is deticient 
methionine formation, This limits synthesis of 
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s-adenosyl methionine presumed to be an important 
factor in maintaining neuronal structure. 

b. Also, vitamin B, deficiency leads to accumulation of 
abnormal fatty acids. This is another probable rea- 
son of neuronal dysfunction in pernicious anemia, 


4. Treatment: This disease is characterized by vitamin B 


deficiency because in this disease vitamin B,, is not 
absorbed from the gut. So, orally administered vitamin 
B,, is useless in treating this condition. However, 
vitamin B,, supplements, given in injectable form, are 
useful form of therapy in treating this disease. 
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Hemoglobin 





§ STRUCTURE OF HEMOGLOBIN 


1. Hemoglobin (Hb) is the oxygen (O,)-carrying pigment 
present in red blood cell (RBC). Molecular weight of Hb 
is approximately 64,000. 

2. Structurally, it consists of four subunits. Each of them 

contains one heme moiety linked to a polypeptide chain. 

3. Thus, one Hb molecule contains four heme moieties 
containing four ferrous iron atoms in addition to four 
polypeptide chains collectively known as globin. 

. Again, each heme moiety has a porphyrin (tetrapyrrole) 
structure. This contains a Fe** (iron) linked to the 
N-atoms of the four pyrrole rings, which are connected 
by methine bridges (Fig. 13.1). 

. The side-chains of the four pyrrole rings are numbered 
from 1 to 8. Methyl (CH,) groups are attached to 1, 3, 5, 
and 8 positions, vinyl (CH = CH,) groups are attached 
to 2 and 4 positions whereas propionic acid groups 
(CH,CH,COOH) are present in 6 and 7 positions. 

. The Fe** (iron) is also connected by two separate bonds 
with one polypeptide chain. On oxygenation, one of 
these bonds (with polypeptide chain) breaks and the 
Fe** (iron) binds noncovalently with O,. 

. So, during oxygenation, each heme moiety binds with 
one O, molecule. Thus, the Hb molecule, as a whole, 
binds with four O, molecules, 

. Hemoglobin A (HbA) and HbA,; 

a. In HbA which is the main form of Hb in the adult, the 
four globin polypeptide chains include 2a-chains 
and 2}-chains. So, it is designated as «., f.. 

b. The a-chains contain 141 amino acids and (-chains 
contain 146 amino acids. 

c. However, 2.5% of adult Hb is present in the form of 
HbA,. HbA, is expressed as o.,6,. Here, the B-chains 
are replaced by 6-chains. 
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Fig. 13.1: Structure of heme. 


9. Glycated hemoglobin (HbA Ic): In presence of chronically 
high blood glucose level in patients with inadequately 
treated diabetes mellitus, Hb is nonenzymatically 
glycosylated to form HbA\Ic or glycosylated Hb. Here, 
glucose becomes attached to the terminal valine of 
3-chain. 

When concentration of HbAlc exceeds 6.5% of 
total Hb, it indicates loss of adequate control of blood 
glucose. Therefore, HbAlc is a sensitive index of 


long-term control of blood glucose during the past 
12 weeks. 
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\.\  USYNTHESIS OF HEMOGLOBIN | 

: 1. One molecule ofsuccinyl coenzyme A andone molecule | 
of glycine combine to form a amino {\-ketoadipic acid. 
This is then converted to 6-aminolevulinic acid (ALA). 
The enzvme ALA synthase catalyzes both reactions. 

> Next. two molecules of 6-ALA condense to form 
porphobilinogen, 

3. Porphobilinogen is converted in successive steps 

to hydroxymethylbilane, uroporphyrinogen IT, 

coproporphyrinogen III, and finally to protoporphyrin 

IX. Protoporphytin IX joins with a Fe’ ion to form heme. 

Heme then combines with globin, the protein 


ponent, to form Hb. 













AL HEMOGLOBIN 


1. Fetal hemoglobin (HbF) exists in the form of a.,7,. Here, 
the B-chains are replaced by y-chains. 

2. The»-chains have no affinity for 2,3-diphosphoglycerate 
(2,3-DPG). As such, HbF has very high affinity for O.,. 
This is because O, and 2,3-DPG have inverse (opposite) 
binding affinity for Hb. 

3. The high affinity of HbF for O, is very important from 
practical point of view. This is because, due to this high 
affinity, fetal blood can extract O, from the maternal 
blood even when it has low O, saturation. 

4. It may be expected that the fetal tissues will find it 
difficult to extract O, bound with HbF as HDF has a 
high affinity for O,. However, the fetal tissues have no 
difficulty in extracting O,, bound with HDF as O, tension 
in fetal tissue is extremely low. 

5. At birth, 80% of Hb is present in the form of HbF. This 
quickly comes down to 5% in 6 months. Persistence of 
HbF in greater amounts is abnormal as may be seen in 
?-thalassemia (see below) (Fig. 13.2). 





\ SICKLE CELL ANEMIA 


1. In sickle cell anemia, the patients’ Hb is designated as 
HbS. 

2. The principal structural feature of HbS is that in the 
8-polypeptide chain, the glutamic acid in the sixth 
position is replaced by valine. 

_ Due to the altered amino acid composition in B chain, 
HbS presents “sticky patches’ on the surface of § chain 
(due to substitution of nonpolar valine in place of 
glutamic acid). 

When O, tension is low, the (}-chains also express 
complementary “sticky receptors’ In normal O, tension, 
however, the sticky areas in the molecule are hidden. 

In deoxygenated state, the sticky patches and 
complementary sticky receptors of adjacent f} chains | 
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Fig. 13.2: Variation in rate of hemoglobin chain synthesis before 


and after birth. 


bind end-to-end and thus polymerize forming long and 
insoluble fibrous strands. These deform RBCs leading 
to their sickle-like shape. 


4, In sickle cell anemia, there is an increased tendency 


toward hemolysis. Also, the RBCs lose flexibility and 
cause occlusion of small blood vessels. This may lead 
to severe painful episodes caused by visceral hypoxia 


5. Fetal hemoglobin reduces “sickling” by countering 


polymerization of HbS. Drugs like hydroxyurea and 
azacytidine cause increase in HDF level and, therefore, 
they are beneficial in the treatment of sickle cell anemia 


Bf SICKLE CELL TRAIT 


Individuals heterozygous for the autosomal recessive gene 
responsible for sickle cell anemia are said to have sickle 
cell trait. Peculiarly, they are resistant to Plasmodium 
falciparum malaria. 


HALASSEMIA 


. In this condition, the chemical nature of Hb is normal 
but the synthesis of either a- or B-chain is reduced. 

. When a-chains are produced in smaller quantities, it 
is known as a-thalassemia. 

. Alpha-thalassemia is caused by deletion of genes, which 
are four in number. When one or two genes are affected, 
there are few or no symptoms. The severity increases 
when three genes are affected and death in utero occurs 
when all four genes are deleted. 

4. a. In B-thalassemia, B-chain production is reduced: 

But this is often compensated by overproductio: of 
y- or 5-chains. So, in B-thalassemia, HbF (a.y,) 20d 

HbA, («,6,) fractions may be present in increased 

amounts. 
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types, the major variety being quite common, 

c. Beta-thalassemic patients cannot synthesize 
adequate amounts of HbA. Hence, they manifest 
hypochromic anemia, Another important cause 
of anemia is precipitation of free a-chains, which 
damage RBC membrane, This leads to enhanced 
hemolysis as well as intramedullary destruction of 
erythroblasts leading to ineffective erythropoiesis. 
There is compensatory overactivity of the bone 
marrow accompanied by bony changes, such as, 
frontal bossing. 

d. The disease often requires repeated blood trans- 
fusions. This may predispose to hemosiderosis, a 
form of iron storage disorder, 

e. Bone marrow transplantation, if feasible, is the only 
hope for a cure. 


ff HEMOGLOBIN COMPOUNDS AND DERIVATIVES 


— 4. Oxvyhemoglobin: 

a. This is the form in which O, is generally transported 

| in blood. 

b. In oxy-Hb, Fe is in the ferrous form. The binding of 
O, to Fe is loose (noncovalent) and hence it is easily 
reversible. 

°. Methemoglobin: In this type of Hb, Fe is in the ferric 
state. Normally, it is produced in the blood in very 
small amounts. However, it is reduced back to normal 
Hb containing the ferrous form by the enzyme 
methemoglobin reductase and NADH. Inherited 
absence of this reducing system results in a condition 
called hereditary methemoglobinemia. 
Methemoglobin has two important features: 

i. The binding of Hb with O, in methemoglobin is by a 
covalent bond and hence it is not easily reversible. 
Therefore, conversion of Hb to methemoglobin 
renders the Hb incapable of its O,-supplying 
function. 

ii. Methemoglobin has a bluish color. Hence, its 
presence in blood may be confused with cyanosis 
which also produces a bluish tinge. 

~—3< Carboxyhemoglobin: 

a. Carbon monoxide (CO) combines with Hb to form 
carboxyhemoglobin. 

b. Indeed, CO has a very high affinity (about 230 times 
that of O,) for hemoglobin. 

c. Due to the high affinity of CO for Hb, Hb binds with 
very little O, in presence of CO. 

d. Thus, tissue hypoxia results, which is a type of 
anemic hypoxia as the Hb is rendered ineffective by 
CO. 

e. Carboxyhemoglobin is cherry pink in color. 
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b. Carbon dioxide combines with an NE -group of an 
amino acid in the polypeptide chain of Hb to form 
carbamino-Hb, The reaction is as follows: 

Htb.NH, + CO, -» Hb. NELCOOEH 

c, Itis one of the three different forms in which CO, ts 

transported from tissues to the lung (see p. 145). 


. Acid and alkaline hematin: These compounds are 


formed when Hb reacts with acids or alkalis. 
Colorimetric estimation of Hb is done in the 
laboratory by converting Hb into these compounds. 


. Hemin crystals: 


a. These are formed when Hb in blood is boiled with 
NaCl and glacial acetic acid. 

b. The characteristic rhombic form of the crystals 
can be seen under the microscope. This helps in 
confirming suspected stains of blood. This has 
obvious medicolegal importance. 


7. Bilirubin and biliverdin (see below). 


FATE OF HEMOGLOBIN ~~ 


The RBCs have a normal life span of about 120 days. Old 
RBCs lose their flexibility and become stiff-walled. Hence, 
they cannot pass through the splenic filter and are engulfed 
by the reticuloendothelial (RE) cells. 


The short lifespan of erythrocytes is probably due to 


the fact that it contains no nucleus and mitochondria. 


1. 


Inside RE cells, the Hb liberated from RBCs is broken 
down into heme and globin. 


. Some RBCs are broken down in the blood liberating 


Hb. This Hb is carried by haptoglobin to the RE cells. 


. Again, in the blood, some Hb is broken down into heme 


and globin. This heme is carried by hemopexin to the 
RE cells. 


. So, the ultimate end products of Hb in the RE cells are 


heme and globin. Globin enters into the amino acid pool 
of the body. 


. Heme is acted upon by heme oxygenase and converted 


into Fe, biliverdin, and CO. Fe is transported in the 
blood by transferrin to be stored in the tissues as 
ferritin. The tetrapyrrole ring of heme is opened up and 
the straight chain compound biliverdin is formed. 


Heme oxygenase is inhibited by metalloporphyrins. ‘This 
results in decreased conversion of heme to bilirubin. 
That is why metalloporphyrins may be used to prevent 
hyperbilirubinemia in neonatal jaundice. 


6. Biliverdin is reduced to bilirubin. Bilirubin, which is 


insoluble, combines with albumin forming a soluble 
bilirubin-albumin complex which circulates in the 
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10. 


11. 


9. 


albumin complex cannot pass through the glomerular 
filter | 
This bilirubin-albumin complex is taken up by the 


hepatocytes of the liver. Albumin is then removed and | 


bilirubin combines with cytoplasmic proteins called 
ligandins. 

In the next step, this bilirubin is conjugated with 
glucuronic acid by the enzyme glucuronyl transferase 
to form bilirubin mono and diglucuronides, which are 
soluble. 

These bilirubin glucuronides, dissolved in bile, are then 
excreted by the liver into the bile canaliculi. Ultimately, 
the bile drains into the small intestine. 

Thus, the liver has three important functions related 
to bilirubin metabolism—(a) uptake, (b) conjugation, 
and (c) excretion. 

Intestinal bacteria in the large gut convert bilirubin 
into the highly soluble urobilinogen. Part of the 
urobilinogen undergoes enterohepatic circulation 
(enters the portal vein after absorption from intestine > 
enters the liver — re-excreted into the bile canaliculi 
reenters the gut). A small portion of urobilinogen from 
the portal circulation enters the general circulation and 
is excreted through the kidney. It is oxidized to urobilin 
on exposure to air. 

Remaining part of urobilinogen in the gut is reduced 
to stercobilinogen, which is excreted in stool. Sterco- 
bilinogen is colorless but on exposure to air after or 
just before defecation, stercobilinogen is converted to 
stercobilin which imparts the brown color to stool. 


iron Metabolism (Fig. 13.3) O< 


l. 





Daily iron loss in males (mainly in feces) is 0.6 mg/day. 
In females, this value is on an average about 1.3 mg/ day 
because of menstrual loss of blood. 
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Daily intake of iron in diet is much greater and one 
3-6% of dietary iron is absorbed to compensate for daily 
loss. 

Ingested iron is mainly in Fe” form. It is converted inty 
a soluble complex by vitamin C and the secretions of 
the stomach. In this process, ferric iron is converted tp 
ferrous form which is suitable for absorption. That jg 
why gastrectomy leads to decreased Fe absorption ang 
causes Fe-deficiency anemia. 


. Fe is absorbed in small intestine in two forms—({) 


as ionic Fe**and (2) as heme. The principal site o¢ 
absorption of ionic Fe** is upper small intestine. Ferric 
iron (Fe**) is reduced to ferrous form (Fe?*) by ferric 
reductase at the brush border of enterocyte (epithelia| 
cell lining the intestine). Fe** is absorbed across the 
enterocyte with the help of three proteins. DMT} 
(divalent metal transporter 1) present in the lumina] 
membrane of enterocyte helps in Fe’ absorption from 
lumen to cytosol. On the other hand, ferroportin | 
and hephaestin (a protein like ceruloplasmin) help 
in transferring Fe from cytosol to plasma across 
basolateral membrane of enterocyte. 


. Fe in the form of heme is absorbed in the enterocytes 


via a heme transporter protein. Then it is degraded by 
heme oxygenase into Fe” iron in the cytosol. 


. Fe* is converted to Fe** form and then transported in 


the blood (plasma) combined with transferrin. Iron 
attached to plasma transferrin is transported to the 
bone marrow erythroblasts where the transferrin binds 
with transferrin receptors. The transferrin receptor 
complex is internalized. The iron is liberated inside the 
cell whereas the transferrin and receptor proteins are 
recycled to the cell surface. 

Iron is also transported to other sites such as the liver 
and it is stored in various tissues in combination with 
ferritin. 


Intestinal 
lumen 2 





Heme 


Fig. 13.3: Iron absorption. 
(Tr: transferrin; HH: hephaestin; FP: ferroportin; HO: heme oxygenase; HT: heme transporter; DMT1: divalent metal transporter 1) 
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g, Destruction of old RBCs in RE cells liberates heme. Fe | 2, Clinically, it 18 classified as mild, moderate, of severe 
telensee re ie neue Is stored as ferritin, Normal value of Hb in blood Is 14-16 g% In adult 

g, 65% of Fein the body is present as Hb, 5% as myoglobin male, Clinically, a patient with Fb less than 12-14 9% 
and the rest is stored as ferritin, 7 is euvielderal saith 

10. If Fe is present in the body in excess, part of this extra | 3. Before going further into the classification of anemia, 
iron is stored in tissues as a highly insoluble compound the RBC indices should be mentioned. These are packed 
known as hemosiderin, Excessive accumulation of cell volume (PCV), mean corpuscle volume (MC V), 
hemosiderin causing tissue damage is known as hemo- mean corpuscular hemoglobin (MCH) and mean 
chromatosis. Deposition of hemosiderin in pancreas corpuscular hemoglobin concentration (MCHC i): 
and skin leads to diabetes and pigmented skin. ‘This is a, PCV is packed cell volume, It is the volume of red 
known as bronzed diabetes. Cirrhosis of liver, carcinoma cells in 100 mL of blood, Normal value is 45%. 
of liver or gonadal atrophy may also occur. b. MCVis mean corpuscular volume. It is calculated as 

11, Hemochromatosis may be hereditary—caused by gene follows: 
mutation. Acquired hemochromatosis may be caused ais) 
by excessive Fe load, such as, prolonged destruction of Volume of red blood cells in 
RBC, repeated blood transfusions, etc. MCV = ___100mLof blood __ blood 

12. Serum Fe and TIBC (total iron binding capacity) Number of red blood cells 
are useful indices for diagnosing disorders of iron in 100 mL of blood 
metabolism. TIBC is proportional to serum transferrin 45x10" py" 
ee | | —— ~ 5x 10° x10" x 100 

. nae neat a. oe [‘. 1 mL = 10? and RBC count = 5 x 10°/mm’| 
TIBC is characteristically high. In contrast, serum iron : 
is low and TIBC is low or normal in anemia of chronic _ 26x10 
infections, thalassemia, etc. 5 
=90 


Hepcidin, a hormone released from the liver, regulates 


c. MCH is mean corpuscular hemoglobin. It is 


calculated as follows: 
iron absorption by intestinal epithelial cell. When body Amountof Hbin 100 mL 
iron content is high, hepcidin binds with ferroportin. sfilood 
The ferroportin hepcidin complex is then internalized MCh = —— 
and it undergoes degradation in the lysosomes. Since Number of red blood cells 
ferroportin helps in iron absorption, this prevents iron in 100 mL of blood 
absorption and iron overload. 15x10” pg (picogram) 

On the other hand, when body iron level is low, ~ By I10°x10°x100 
hepcidin level is decreased. The ferroportin activity now [-- 1 gm = 10”pg] 
increases causing greater iron absorption. 15x10 pg 

In fact, lack ofhepcidin may result in hemochromatosis, = ——_—__—= 
an iron storage disorder. 8 

Hepcidin level increases in inflammation. This = 30 Dg 





reduces serum iron level and explains the anemia due 
to infections. The low iron level in this case is beneficial 
because it decreases iron availability to the infecting 
agent and retards its growth. 


d. MCHC is mean corpuscular hemoglobin 
concentration. It is the amount of Hb per 100 mL of 
RBC. It is calculated as follows: 

100 mL of blood contains 15 g of Hb and 45 mL of 


In hemochromatosis, both serum iron and TIBC are RBC. So, 45 mL of RBC contains 15 g of Hb. 


high. 
A ANeMIAl > 


1. Definition: Anemia may be defined as a condition 
characterized by the presence of diminished Hb or 
diminished RBC count or both in an individual with e. 
respect to age and sex. 


l 
or, 1 mL of RBC contains z gm of Hb 





or, 100 mL of RBC contains = — 
g of Hb 45 


So, MCHC = 33.3 g/100 mL. 
Color index: Color index is a rather obsolete way of 
expressing amount of Hb in RBC. Color index is the’ 


g of Hb = 33.3 
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ater than 1,500 mL, cardiovag 
ratio between percentage of Hb and percentage of | 4 Ifthe blood loss is greater than I, Culap 
rotal RBC count collapse usually occurs, 
( ‘ 


49 can be due to many Causes « 
Suppose, Hb level is 10 g% and total RBC count = | 5. Chronic blood loss . acts aie teae uc 
: i afc’ as chronic peptic ulcer, bleeding plies, Wor 
4 million/mm*. 


So, percentage of Hb = 10/15 x 100 = 67% and % of infestation, bleeding _ etc. Ultimately, these lead 
ick . ; = 'e-deficlency anemia. 

total count of RBC= 4/5 x 100 = 80%, Therefore, color to Fe-deficiency a 

index = 67/80 = 0.84, Normal range of color index is 








\ gill 
140.15, ie, 0.85 - 1,15. B MICROCYTIC ANEMIA —\—— 
\W Anemia may be classified as follows: : Henveadethin teenies obtbiee componentsAg 
a. Anemia due to blood loss— 


porphyrin, and globin. 

2. Deficiency of these three components leads tg 
microcytic anemia and result in Fe-deficiency anemia 
sideroblastic anemia and thalassemia respectively, 


@ Acute 
¢ Chronic. 

\ b Anemia due to defective production (underproduc- 
tion): Itis sub classified as— 





@ Microcytic: Lb 
° Fe-deficiency anemia BT FE-DEFICIENCY ANEMIA 
2 Sideroblastic anemia 1. Deficiency of iron may be due to: 
0 Thalassemia. a. Increased demand, as in infantile and pubertaj 
¢ Normocytic: growth spurt 
QO Aplastic anemia b. Physiological blood loss, as in menstruation or in 
OQ Anemia due to infection parturition 


OQ Anemia due to uremia 
JY Anemia due to endocrine diseases, e.g. 
hypothyroidism. 
¢ Macrocytic: 
2 Vitamin B., deficiency anemia 
2 Folic acid deficiency anemia. 
¢/Hemolytic anemia— 
¢ Intracorpuscular defect: 
2 Sickle cell anemia 
2 Glucose-6-phosphate dehydrogenase 
deficiency anemia 
2 Hereditary spherocytosis. 
~¢ Extracorpuscular defect: 
2 Splenomegaly 
2 Malaria 


c. Pathological blood loss, as in gastrointestinal or 
genitourinary hemorrhage 
d. Decreased intake, as in: 
¢ Cereal-rich, meat-poor diet in poor people 
¢ Fe-poor milk diet in infants 
¢ Malabsorption. 
2. This type of anemia, especially when severe, shows 
low MCV, MCH, and MCHC. So, it is called microcytic, 
hypochromic anemia. 


— 


Note: The iron in the old RBCsis recycled after degradation 
for synthesis of new Hb and incorporated into new RBCs. 
This recycled iron forms the major fraction of iron utilized 
for erythropoiesis so that dietary iron requirement is 


quite small. 
2 Due to snake venom In fact, iron deficiency anemia is often due to 
) Erythroblastosis fetalis. conditions like chronic blood loss such as bleeding gums, 


piles, etc. where the iron recycling is disrupted. 
-MilA DUE TO BLOOD LOSS 


. Acute blood loss can occur due to severe hemorrhage 
following an injury. 


BAPLASTICANEMIA. = \~ 


1. This type of anemia results from diminished 
. In this condition, Hb% initially remains unaltered erythropoiesis due to bone marrow failure. 


because loss of Hb is accompanied by equivalent | 2. This may be due to various causes such as drugs, 





amount of plasma loss. However, subsequently radiation, leukemic infiltration of the bone marrow or 
the plasma volume is restored from ECF and Hb% it may be of idiopathic type. 
decreases. 


3. Aplastic anemia should be suspected from an inap- 
3. The clinical features include fatigue, weakness, propriately low reticulocyte count. 


stupor, and even coma along with hypotension and | 4. Diagnosis can be confirmed by bone marrow examina- 
tachycardia. tion. 
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"HEMOLYTIC ANEMIA —— 


kL; 


Some of the individual types of hemolytic 


anemia have 
already been described. 


_ They are characterized by increased reticulocyte count 


coupled with increased amount of unconjugated 
bilirubin in blood. 


Erythroblastosis fetalis has been described with blood 


group. 


BESROR ERYTHROCYTE SEDIMENTATION RATE 
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If blood mixed with anticoagulant is kept suspended in 
narrow vertical tubes, the red blood corpuscles slowly 
gravitate to the bottom leaving a length of clear plasma 
at the top. 


_ Erythrocyte sedimentation rate (ESR) is the rate of RBC 


sedimentation and is determined by noting the length of 
the supernatant clear plasma after an interval of 1 hour 
and again after 2 hours. 


_ Itis calculated as follows: 


eas 


Ist hour reading + ; 


ESR = 
Z 


_ The ESR is measured usually by two methods: 


a. Westergren’s method: 

¢ In this, a 30 cm (300 mm) long tube, which is 
open at both ends, is taken (Fig. 13.4). 

¢ Anticoagulant used is 3.8% Na-citrate mixed with 
blood in 1:4 proportion (4 volumes of blood and 
1 volume of anticoagulant). 

¢ Citrated blood is drawn into the tube by sucking 
up to the “O”mark and the tube is placed in the 
stand. 

¢ The length of supernatant clear plasma is noted 
at 1 hour and 2 hours and ESR is determined 
from the above formula. 

b. Wintrobe’s method: 

¢ In this, the tube may be used for measuring ESR 
as well as PCV (Fig. 13.4). 

¢ Accordingly, the tube has two graduations. One 
with “0” at the top is meant for determining ESR 
and the other with “10” at the top and “0” at the 
bottom is meant for determining PCV. 

¢ Anticoagulant used is double (K-NH,) oxalate. 
This is because double oxalate does not change 
cell volume and so it is ideal for determination 
of PCV. 

¢ As the lower end of Wintrobe’s tube is closed, 
blood is introduced into the tube by means of a 
Pasteur pipette. This pipette has along, narrow 
nozzle, the tip of which is introduced right down 
to the bottom of the Wintrobe’s tube. Thus, blood 


Chapter 13: Hemoglobin 


Polycythemia may be primary, secondary, or relative. 

Primary polyeythemia or polycythemia rubra vera is 
a malignant condition of the bone marrow with greatly 
increased rate of red blood cell (RBC) production, 
RBC count may go up to 10-1] million/mm' and the 
hematocrit is raised up to 70-80%. 

The excess O,-carrying capacity is of no use as normal 
RBC count is more than sufficient to provide O, to the 
tissues, 

The increased RBC count is in fact harmful because of 
increased viscosity. This reduces velocity of blood flow, 
which will decrease supply of O, to tissue. 

Also, it increases peripheral resistance and thereby 
blood pressure may be raised. This may put extra load 
on the heart. 

In secondary polycythemia, RBC count increases due 
to chronic hypoxia. Physiologically, this may be caused 
by high altitude while pathologically, this may be due to 
chronic pulmonary disease or heart failure. 

Relative polycythemia may be due to hemo- 
concentration with loss of plasma but not loss of RBCs. 
This will elevate RBC count and hematocrit. This may be 
caused by dehydration, some forms of shock, etc. 
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Westergren's tube 


Fig. 13.4: Westergren’s tube and Wintrobe’s tube. 


is slowly filled from the bottom upwards up to 
the topmost mark. This prevents bubbles of air 
getting trapped in the narrow Wintrobe’s tube, 
whose lower end is closed. 


= 








@ The ESR is determined by noting the length of 
clear plasma at the top at the end of Ist hour. 

& By Wintrobe's tube, PCV can also be determined, 
Rlood is taken in the tube up to "10" mark, after 
mixing with double oxalate as anticoagulant, 
Then the tube is centrifuged at a speed of 3,000 
rpm for 30 minute, 

® At the end of the process, the RBCs are packed 
at the bottom. The reading is taken from the 
graduated scale, Usually, PCV = 45%, 

@ Importance of PCV: From this, we can calculate 
important RBC indices such as MCV, MCHC, 
etc. These indices are helpful in hematological 
investigations, e.g. ina case of anemia, 


MECHANISM OF ERYTHROCYTE SEDIMENTATION 
(ROULEAUX FORMATION) 


1. When blood mixed with anticoagulant, is allowed 
to settle, the RBCs adhere to one another, forming a 
“rouleaux” (Fig. 13.5). Asa result of this, their collective 
surface area is reduced. So, they gravitate to the bottom 
at a much higher speed, which depends on mass: 
surface area ratio. 

Thus, factors, which increase rouleaux formation, 
increase ESR. 
_ Normally, RBCs are negatively charged. Due to these 
charges, they repel each other decreasing rouleaux 
formation. 
_ Fibrinogen and globulin present in the plasma 
neutralize the surface charges of RBC. This accelerates 
rouleaux formation, thereby increasing ESR. 
_ The ESR is also dependent on viscosity of blood. So, 
it is high in anemia where viscosity is low and low in 
polycythemia where viscosity is high. 
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Fig. 13.5: Red blood cells in rouleaux formation. 


5. The ESR is raised physiologically in menstruation, after 


a meal, etc. 


6. The ESR is raised pathologically in acute pyogenie 


infections, and chronic infections like tuberculosis 
rheumatoid arthritis, etc. 


7. The ESR is decreased in sickle cell anemia, congenital 


spherocytosis, etc. where the atypical shape of RBG 
retards rouleaux formation. 


Bf SIGNIFICANCE OF ESR bt — 


1. The ESR has no diagnostic value as it is elevated in many 


2. 


diverse pathological conditions. 

However, it has prognostic value as serial estimations 
in a particular patient can confirm whether the disease 
process is increasing or decreasing. 


3. The ESR is an important tool in distinguishing fune- 


tional disorders (disorders of psychological origin) from 
organic disorders (disorders which have somatic origin 
affecting body structures). 
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DB voRPHOLOGICAL FEATURES 


Although white blood cells (WBCs) are called white, 
they look colorless under the microscope. So, they must 
be stained with appropriate dyes for proper elucidation 
of their features [WBCs look colorless in the absence of 
hemoglobin (Hb), which is a colored pigment). 


_ White blood cells are ordinarily stained with Leishman’s 


stain for this purpose. Leishman’s stain is a mixture 
of methylene blue (a basic dye), which stains acidic 
substances and eosin which itself is acidic but stains 
basic substances. 


. White blood cells are of two types, (1) granulocytes and 


(2) nongranulocytes, based on presence of intracellular 
granules. Neutrophils, eosinophils, and basophils are 
granulocytes. Nongranulocytes include lymphocytes 
(large and small) and monocytes. 


. A brief description of each type of cell is given below 


(Fig. 14.1): 
A. Neutrophil: 

a. The term “neutrophil” is a misnomer as the gran- 
ules in the neutrophils do not take neutral stain. 
On the contrary, they are amphophilic in nature, 
i.e. they take up both acidic and basic stains. 

b. The neutrophils have a diameter of 10-15 p. 60- 
70% of all WBCs are neutrophils. 

c. The neutrophil contains two types of granules, 
(1) primary and (2) secondary. Primary granules 
are present in promyelocytic stage whereas 
secondary granules appear in myelocytic stage 
(see below). 

O Primary granules contain—(1) proteolytic 
enzymes, (2) hydrolases, (3) myeloperoxidase, 
(4) lysozyme, and (5) cathepsin G. 

Q Secondary granules contain—(1) lactoferrin, 
(2) vitamin B,, binding protein, and (3) various 
receptor proteins. 


White Blood Cells 











Neutrophil Eosinophil Basopnil 
Large Small Monocyte 
lymphocyte lymphocyte 


Fig. 14.1: The different white blood cells. 


Note: Lactoferrin binds strongly with iron and thus 
reduces the amount of available iron. Since, microbes 
require iron for proliferation, the lactoferrin-induced 
lack of available iron causes arrest of their growth. 


d. Nucleus—purple blue; chromatin—coarse and 
ropy; cytoplasm—pink. 

[The nucleus of a neutrophil has 2-7 lobes. 
As the cell grows older, the number of lobes 
increases. The neutrophils are grouped according 
to number of lobes in nucleus and the percentage 
of neutrophils in each group is expressed as 
Arneth count. This gives us an idea about the age 
of neutrophils. 

In anormal count: 

O Group I (1 lobe) contains 2-10% of all 
neutrophils. 

O Group II (2 lobe) contains 20-30% of all 
neutrophils. 

O Group III (3 lobe) contains 40-50% of all 
neutrophils, 














© Group IV (4 lobe) contains 10-15% of all 


neutrophils, | 

> Group V (5 or more lobe) contains 2-5% of all 
neutrophils. 

> A shift to the right (group IV and V containing 
most of the neutrophils) indicates higher 
percentage of older cells with multilobed 
nuclei. This may occur in conditions like 
uremia, megaloblastic anemia, etc. 

9 A shift to the left (group I and I containing 
most of the neutrophils) indicates higher 
percentage of younger cells, as occurs in 
pyogenic infection. 

B. Eosinophils: 

a. Eosinophils are 10-15 p in diameter. They 
comprise 1-4% of the total number of WBCs. 

b. Usually, they have bilobed nucleus which 
occasionally may be trilobed. The bilobed 
nucleus may have a spectacle-like appearance. 
Nucleus—purple blue; chromatin—coarse and 
ropy; cytoplasm is filled with coarse brick-red 
granules taking acidic stain. 

Eosinophilic granules contain: 

i. Major basic protein 
ii. Eosinophil peroxidase 
iii. Eosinophil cationic protein. 
C. Basophils: 

a. Basophils are 10-15 pin diameter. They comprise 
0-1% of all WBCs. 

b. They have bilobed or S-shaped nucleus. 

Coarse blue (basophilic) granules are present 

and they often obscure the nucleus. 

Nucleus—purple blue; chromatin—coarse and 

ropy. 

c. The granules in the basophils contain histamine 
and heparin. 

D. Small lymphocyte: 

a. They are 7.5 p in diameter. 

b. Nucleus fills almost the whole of the cell leaving a 
thin rim of peripheral cytoplasm; nucleus stains 
deep blue. 

E. Large lymphocyte: 

a. They are 10-18 pin diameter. 

b. The nucleus is round with coarse and lumpy 
chromatin; nucleus stains deep blue. The clear 
blue cytoplasm does not contain any granules. 
Nucleus : Cytoplasm ratio is about 80:20. 

c. The two types of lymphocyte together constitute 
25-30% of total number of WBCs. 


F. Monocyte: 
a. They are the largest WBC with a diameter of 


about 15-20 up. 
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b. ‘The nucleus is large and kidney-shaped or hors, 
shoe-shaped in appearance. It takes light stain, 


c, ‘The cytoplasm is pale blue with fine, purple grap 
ules. Nucleus: Cytoplasm ratio is about 50:59, 


i POOLS OF NEUTROPHILS 


Neutrophils are present in the body in several pools g, 
collections. These are: 


a. 


Bone marrow pool: It contains 90% of all neutrophif, 
They are present in the bone marrow. 


b. Intravascular pool: It contains 3% of all neutrophi, 


This can be divided into: 

i. Circulating pool: This remains in circulation ang 
constitutes 1.5% of all neutrophils. 

ii. Marginal pool: This is attached to endothelium ang 
constitutes another 1.5% of all neutrophils. 


c. Tissue pool: It contains the remaining 7% of aff 


neutrophils. They are present in the tissues. 


i DEVELOPMENT OF NEUTROPHILS 


L 


Neutrophils, like all cells, are formed from pluripoteng 
stem cell, which is the precursor of all types of cells. 


. The pluripotent stem cell gives rise to “the committed 


stem cells for the myeloid series’. These, in turn, give rise 
to multipotent progenitor cells called colony forming 


unit for granulocytes, erythrocytes, monocytes, and 


megakaryocytes (CFU-GEMM), which ultimately give 
rise to all types of cells except lymphocytes. 


. The CFU-GEMM cells give rise to the CFU-GM 


(colony forming unit-granulocyte monocyte), which 
is the progenitor cell for neutrophils. In fact, it is a 
common progenitor cell, which also gives rise to other 
granulocytes and monocytes. 


. CFU-GM gives rise to myeloblast. The principal features 


of the different types of cells from myeloblasts onwards 
are shown in the Table 14.1. 


. Myeloblast takes 10 days to be converted to mature 


WBC. Of this, 5 days are spent in mitotic pool (myeloblast 
to myelocyte stage) and 5 days are spent in maturation 
pool (metamyelocyte to segmented form). 


. White blood cells do not stay in circulation for a long 


time, half-life being about 6 hours. Thereafter, they entel 
the tissues where they survive for 3-4 days, after which 
they die. 


Note: G-CSF (granulocyte colony stimulating factor) 
promotes division and multiplication of granulocytes: 
G-CSF can be artificially produced and this synthesized 
G-CSF is used to stimulate granulopoiesis in cancel 
patients receiving chemotherapeutic drugs which 
suppress cell division. 
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Table 14.1: Stages in developme 
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Gr.) , 
SP aveloblasts 10-18 pin 
7 n yelooias dia u Nuctel large, FOUN. 1<5 nucleoli 
| pomyelocyte §=—-:10-18 prin | 
ae Promyelocy marcas Nucleoli decrease in Number 
elocytes 10-18 yin indented Nucleus, ov. 
3 al or round, 
| diameter Nucleoli absent 
' metamyelocyte 10-18 prin Deeply indented nucleus 
#Band-form 10-1Spin == Nucleus horse-shoe-shaped or 


diameter crescent-shaped 


Segmented form (mature neutrophil) is produced 


FUNCTION OF WRITE BLOOD CELL 


Neutrophils: They are the first line of defense against 
bacterial infection. Neutrophils phagocytose bacteria 
and kill them by producing toxic chemical products. 
The steps of bactericidal action of neutrophils: 
\asodilation is caused by release of histamine from 
mast cells, which are activated by bacterial invasion. 
Histamine causes—(1) vasodilation which elevates 
hydrostatic pressure of blood locally and (2) increase 
in the size of intercellular pores. Both of these cause 
transudation of fluid into extravascular space and 
this leads to edema (tumor) and pain from distention 
(dolor). Increased blood flow leads to redness (rubor) 
and rise in temperature (calor)—the other components 
of inflammation caused by the bacterial attack. 

a. Vasodilation leads to slowness of circulation. 
Slowness of circulating neutrophils is exacerbated 
by selectin of vascular endothelium. It causes the 
neutrophils to roll along endothelial lining, which 
slows them down. 

This rolling consists of alternate sequences of 
binding and detachment between selectins of 
endothelium and carbohydrate molecules on 
the surface of neutrophils. This is a low affinity 
process and hence binding is transient followed by 
detachment caused by the flowing blood. 

However, the succeeding step is a high affinity 
process in which integrins on the neutrophils bind 
strongly with ligands expressed on endothelium. 
This immobilizes the neutrophils, which now 
adhere to the vascular margins and this process is 
known as margination. 

In the next step, the neutrophils, activated by 
chemical mediators, pierce the basement membrane 
after squeezing through the space between 
endothelial cells and emerge on the extravascular 
space. This is known as diapedesis. 
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Fine, stippled Actively mitotic No granules in cytoplasm 
chromatin 

Chromatin begins to Mitotic Primary granules appear in 
condense cytoplaam 

Chromatin more Mitosis present Primary granules disappear, 
condensed Secondary granules appear 
Chromatin highly Mitosis not Specific granules plenty 
condensed seen 

Same Same Specific granules plenty, The 


cell is seen in circulation in 
case of increased production 


b. The neutrophil now emigrates toward the invading 
bacteria guided by some chemotactic substances, 
e.g. C5a (a complement protein), leukotriene B4 
(arachidonic acid derivative) and polypeptides 
produced by lymphocytes, mast cells, and basophils. 

In chemotaxis, the chemotaxins (chemotactic 
substances) cause entry of Ca** into neutrophils. 
This Ca** activates the contractile proteins resulting 
in ameboid movements of neutrophils in the 
direction of chemotaxins. The chemotaxins secreted 
from the site of inflammation guide the neutrophils 
to the location of bacteria. 

c. The bacteria are coated by immunoglobulin (IgG) 
or C,. These are called opsonins and they make 
the bacteria more attractive to the phagocytosing 
neutrophils. 

. Lastly, the neutrophils phagocytose the bacteria. 
The bacteria first lie in phagosomes. These are then 
fused with lysosomes and the bacteria are digested 
by lysosomal enzymes. 


Note: In Chédiak-Higashi syndrome, an autosomal 
recessive disease, chemotaxis is impaired and fusion 
of lysosome with phagosome is slow. So, the process of 
bacterial killing is defective. 


Bactericidal action: 

a. The neutrophils contain the enzymes NADPH 
oxidase, superoxide dismutase, and myeloperoxi- 
dase. 

. The NADPH oxidase catalyzes combination of O, 
and H* with NADPH with production of superoxide 
anions. As this reaction is associated with sudden 
increase in O, consumption, it is described as 
“respiratory burst”. 

c, Superoxide anions react with hydrogen to form 

hydrogen peroxide, catalyzed by superoxide 
dismutase. 
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d. Myeloperoxidase produces HOCI, HOBr, etc. which 
are bactericidal. Superoxide anions, HO, HOC, 
and HOBr are bactericidal substances, which kill 
the phagocytosed bacteria. 


e. In amvotrophic lateral sclerosis, the enzyme — 


superoxide dismutase is deficient due to a genetic 
mutation. Here, in absence of superoxide dismutase, 
superoxide anions remain unchanged and their 
activity persists. These toxic molecules accumulate 


injuring the motor neurons. Thus, they produce the — 


characteristic motor deficit found in this disease. 


Note: An effect of glucose-6-phosphate dehydrogenase 
(G6PD) deficiency is a rise in infections due to 
superoxide anion deficiency. Superoxide anions are 
one of the major bactericidal substances produced by 
neutrophils to kill bacteria. G6PD deficiency leads to 


deficiency of NADPH which is required for production of — 


superoxide anions (see above). The resultant deficiency 
of superoxide anions leads to a rise in infections. 


Inflammation: Inflammation is the response to injury. | 


It is characterized by emigration of leukocytes to the 
site of injury where they counteract bacterial invasion 
and also remove necrotic host tissue. 

Inflammation is manifested by: 

a. Local vasodilation 

b. Altered vascular permeability 

c. Migration of leukocyte to site of injury. 

The inflammatory response is marked by five 
important features. These are: calor (heat), rubor 
(redness), tumor (swelling), dolor (pain), and 
functio laesa (loss of function).} 


Neutrophil extracellular traps. 


Apart from the intracellular bactericidal action of 
neutrophils like phagocytosis, they have also been 
implicated in a recently recognized extracellular defense 
mechanism. In this, dying neutrophils have been shown 
to release granule proteins like elastase, cathepsin G, 
myeloperoxidase, etc. along with chromatin threads 
of deoxyribonucleic acid to produce an extracellular 
matrix made up of fibrils containing high concentration 
of antimicrobial substances. These extracellular “traps”: 

a. Bind with invading bacteria or fungi and have the 
power to neutralize and kill them. 

b. These traps may also prevent spread of pathogenic 
organisms. 

c. Also, harmful proteolytic enzymes released, are 
confined to the local extracellular space by these 
fibrils and thereby damage to the adjacent healthy 
tissue is prevented. 
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|. The main function of eosinophils is: 

a. To attack and kill parasites, €% roundw OF te 
threadworm, filarial parasite, etc. and 
b. To reduce the ill-effects of allergic inflarmnatin. 

2. Eosinophils are the main weapon of body agzing, 
parasites, which are too large for phagoc VtOtig 
Major basic protein has larvicidal effect. Easinopy 
cationic protein and eosinophil peroxidase are ry. 
other proteins with antihelminthic action. 

3. During allergic inflammation, the eosinop:... 
release histaminase, arylsulfatase B, etc. The 
neutralize the effects of histamine and prevent mz. 
cell degranulation. 

4. Eosinophil chemotactic factor of anaphylaxis (Ecr. 

A) released from eosinophils may precipitate 2na. 
phylactic (immediate hypersensitivity) reactions. 
. Eosinophils have mild phagocytic activity. 
6. Eosinopenia (decrease in number of eosinophils 
is caused by administration of adrenocorticotropic 
hormone (ACTH) and corticosteroid hormones. 


Or 


C. Basophils: 


1. Basophils are remarkably similar to mast cells ip 
tissues. Both of them secrete histamine and heparin. 

2. Both basophils and mast cells are involved ip 
immediate hypersensitivity reaction. When antigen- 
IgE complexes bind to them, large quantities of 
histamine are released into the blood. This results 
in widespread vasodilation with sharp fall in blood 
pressure (BP), bronchospasm, etc. often with fata! 
results. 

3. Heparin secreted from basophils acts as anti- 
coagulant and also acts as a cofactor of lipoprotein 
lipase, which causes breakdown of triglycerides. 

4. Basophilia occurs in influenza, chickenpox, allergic 


D. Monocytes: Monocytes circulate in blood for 2-3 days 


before entering the tissues when they are called tissue 

macrophages. Their functions include the following: 

a. They phagocytose invading microbes. Their 
phagocytic action follows that of the neutrophils 
by about 24 hours and hence they are termed the 
second line of defence. Their digestive armoury 
(enzyme content) lacks myeloperoxidase but stil! it 
is quite powerful. 

b. They secrete several important chemical mediators, 
e.g. interleukin-1 (IL-1), tumor necrosis factor- 
alpha (TNF-a), lysozyme, etc. IL-1 activates T 
lymphocytes in immune reactions. It also acts as 2 
pyrogen (fever producing substance). 

c. They have an important role in immunity as they act 
as antigen presenting cells. 
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repair. 

. Monocytosis (increase in number of monocytes) 
occurs in tuberculosis, Syphilis, infectious mono. 
nucleosis, viral, and protozoal infections. 

Monocytopenia may be seen in aplastic anemia. 

Lymphocytes. 

1. There are two principal types of lymphocytes, T 


o 


7 Chapter 14: \White Blood Coll; 
Gd. they are also involved in wound healing and tissue | 


and B. T lymphocytes are matured in the thymus | 
whereas B lymphocytes, in case of humans after | 


birth, are matured in the bone marrow. 


2. Normally, about 70-80% of al] lymphocytes belong ! 


to the T variety and 10-20% 


belongs to B variety. | 


NK cell or natural killer cell is a non-B, non-T | 


lymphocyte. 


la 


T lymphocyte is chiefly responsible for cell-mediated | 


immunity whereas B lymphocyte is principally 


concemed with humoral immunity. 


+. T lymphocytes produce various cytokines, e.g 
various types of ILs such as IL-2, IL-4, IL-5, | 
interferons, TNF, etc. These cytokines play an 


important role in regulating immune reactions. 


“suppressor” types, which have important regulating 
influence on immune reactions. 


(J) 


cells, which ultimately produce the Igs or antibodies. 
B lymphocytes can also act as antigen presenting 
cells. 

- Some T and B lymphocytes known as “memory 
cells” preserve immunological memory. They 


hasten immune reaction on subsequent exposure 
to anugen. 


VARIATION IN WBC COUNT AND SOME IMPORTANT 
CLINICAL TERMS 


I. 


5. Also, T ymphocytes themselves are of “helper” and | 


. B lymphocytes are first transformed into plasma | 


= 
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Agranulocytosis— the term “apamilocyiuas perhaps 
points to the relative increase of agranulocytes ini 2 
condition where granulocytes are decreased in murnber 
The condition is usually drug induced 


- Leukemia is a malignant condition involving the blood 


forming tissues. Usually, it is manifested by 2 very high 
WEC count with blast cells in the peripheral carculaticn: 
It may involve myeloblasts (myeloblastic leukernia) or 
it may involve lymphoblasts (lymphoblastic leukemia) 
Both these types may again be acute or chromic News 
discovered chem iC agents given in proper 
dosage schedule and combination, have gone z ng 
way in prolonging the life of these patients. 

Bone marrow transplantation, if feasible, is 2 pre- 
ferred alternative. 


. The patients with leukemia are vulnerable to infections 


because the greatly increased number of leukocytes 
is mostly immature or abnormal and they afford litte 
protection from infecting agents. 

sors in the bone marrow leads to deficiency of other 
hemopoietic cells such as precursors oi platelets and 
hemorrhages in blood vessels of the body. Thus, the 
patient often dies as a result of infections, anemia and 
hemorrhage. 


| JP RETICULOENDOTHELIAL SYSTEM 08 TissUE 
| BP MACROPHAGE SYSTEM 


1. 


mz 


Norma! WBC count ranges between 4,000-11,000/mm*. 


- A WBC count greater than 11,000/mm’ is called 


leukocytosis. Common cause of leukocytosis is acute 
bacterial infection in which, especially, the neutrophils 
show very high count, often going up to 80-90%. 
This condition is called neutrophilic leukocytosis. 


It is a common manifestation of acute pyogenic or 


suppurative infection. 


- Other causes of neutrophilia (increased percentage of 


neutrophils) include exercise, cortisol therapy, acute 
myocardial infarction, etc. 


. Leukopenia is 4 condition where WBC count is less than 


4,000/mm’. Several drugs, radiation, typhoid fever can 
Cause this condition. 


Collectively, the macrophages of the body form the 
tissue macrophage system. It was previously known 2s 
reticuloendothelial system (RES). 

The macrophages are known by different names in 
different locations. In the blood, they circulate as 
monocytes. Monocytes stay in circulation for about 3 
days. Then, they migrate to the tissues where they are 
called histiocytes. The mobile histiocytes are called 
wandering histiocytes. Others are fixed and hence 


. The functions of macrophages have already been 


described (see p. 88). They phagocytose microbes. 
dead tissue and other foreign particles. They also 
present antigen and secrete many different chemical! 
substances. 


. Macrophages are distributed widely in different tissues. 


e.g. liver, spleen, lungs, central nervous System (CNS) 
bone marrow’, etc. They are the sentinels at different 
portals of entry for microbes and foreign parucles. 


. In the liver, the macrophages are called Kupffer ceils. 


They protect against invasion of microbes from the 
gastrointestinal tract via the portal circulation. 
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6. Similarly, the respiratory tract is another possible eel 
through which airborne microbes, dust and other 
foreign particles may enter into the body. Alveolar 
macrophages in the lung provide protection from this. 

7. Senile red blood cells are entrapped by macrophages in 

the spleen which acts as a filter. Splenic macrophages 

destroy deformed and defective blood cells. 

Splenectomy is sometimes employed as a therapeutic 
measure to prolong lifespan of blood cells in some 
hematological disorders, €.g. idiopathic thrombo- 
cytopenic purpura, thalassemia, etc. 

8. The variant of macrophage in the CNS is called microglia. 
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B LYMPH 


1. The lymphatic channels are formed in the tissues as a 
closed tubular network. They are lined by a single layer 
of endothelial cells without any basement membrane. 
There are gaps between endothelial cells which allow 
passage of large molecules, e.g. protein. 

_ The lymph vessels join to form larger vessels. Unidirec- 
tional valves are present in their lumen, directing flow 
of lymph toward the heart. The lymph vessels, in their 
course, frequently pass through lymphnodes. 

3. All the lymph vessels of the body finally converge into 
two big ducts. The thoracic duct, by far the bigger one, 
drains into the left subclavian vein. The much smaller 
right lymphatic duct drains into the right subclavian vein. 

4. Lymph is the yellowish, transparent fluid circulating in 

lymph channels. 
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It is, in fact, formed as tissue fluid by exudation frog, | 
the plasma across the capillaries. About 2-4 liters of 
lymph drain daily into blood. 

Lymph contains protein, lipids, some carbohydrate. 
clotting factors, lymphocytes, and electrolytes. Compa. 
sition of lymph varies in different locations. 

_ Flow of lymph is facilitated by the unidirectional valves 
contraction of muscles, intrathoracic negativity during 
inspiration, contraction of lymph channels themselyeq 
peristalsis of gut walls, etc. 

6. Lymph flow is increased by forces, which increase 
transcapillary exudation of fluid, i.e. diminished col. 
loidal osmotic tension, increased capillary hydrostatic 
pressure, increased capillary permeability, etc. 

7. Main function of lymph: 

a. Almost all the protein lost from blood into the 
tissues is recovered through lymph. 

b. Route of absorption of long-chain fatty acids from 
gastrointestinal tract is through lymph. 

c. Invading microbes as well as lymphocytes are 
transported by lymph to draining lymph nodes. 


an 


Note: Inadequate lymphatic drainage, as for example, 
caused by filarial obstruction, leads to collection of 
protein and fluid in the interstitial tissue. This condition 
is called lymphedema. 

Lymphedema in filariasis often causes enormous 
swelling of legs and scrotum, a condition known as 
elephantiasis. 
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—Bremostasis 


a When there is bleeding from an injured or damaged blood 

_-yessel, several complicated processes begin to operate 
to arrest the bleeding. These together are known as 

hemostasis. 

___ Hemostatic mechanisms consist of the following: 

___ 1. Constriction of the bleeding vessel: This occurs due to 

the action of serotonin, thromboxane A, etc. released 

from the platelets. : 

2. Formation of a platelet plug (see below for details): 

__ These together cause temporary hemostasis sufficient 
to arrest bleeding from minor damage to blood 
vessel. 

3. Activation of the clotting mechanism to form a definitive 
blood clot, required to arrest more severe bleeding. 


PLATELETS 


Development of Platelets 


It occurs in the following sequence: Pluripotent stem 
cell + committed stem cell > promegakaryoblast > 
-megakaryoblast > megakaryocyte — platelet. 

_ Normal platelet count is 1.5-4 lac/mm‘, 


HB MORPHOLOGICAL CHARACTERISTICS (FIG. 15.1) 


_% Platelets are 2-4 in diameter. They are nonnucleated. 
The shape of platelets depends on their state of activity. 
In inactive state, platelets are disk-shaped but when 
they are activated, e.g. during hemostasis, they become 
spherical. 


Note: The term “formed elements” is used rather than 
: blood cells because “formed elements” like platelets are 
merely cell fragments and not complete cells. 


Microtubules 


Platelets and Blood Coagulation 
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Platelets are bits of cell fragments split off from a large 
precursor cell called megakaryocyte each of which may 
produce about a hundred platelets. 

Mitochondria are present and take part in the 
production of adenosine diphosphate (ADP) and 
adenosine triphosphate (ATP). 

Microtubules, made up of the protein tubulin, are 
present beneath cell membrane providing structural 
support. 

Canaliculi project deep into the cells from the cell 
surface facilitating transport of Ca**and other chemical 
substances between the interior of the cell and outside. 
Contractile elements like actin, myosin, and thrombo- 
sthenin present in platelets are responsible for their 
mobility. 

Receptors present on cell surface help in binding the 
platelets with vWF (von Willebrand factor), collagen, 
fibrinogen, etc. 





Fig. 15.1: Morphology of a platelet. 
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© Platelets live for about 7 days and they are usually 
destroyed in spleen, Hence, splenectomy raises platelet 
count, 

S Thrombopoietin controls production of new platelets. It 
increases the number of megakaryocytes as well as the 
number of platelets derived from each of them, 
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6, Platelets coagulate inflammatory exudate. This help, 
wall offinvading bacteria and thus spread of Infection 
is prevented, 


BH FORMATION OF PLATELET PLUG 


a The main steps are as follows: 
$ Platelets are stored inside the spleen in large numbers. / 7 eo * sa siddie aiendads diana 
When needed, contraction of the spleen mobilizes the || /atelet adhesion ~ p SOM 


stored platelets into circulation. 


B CONTENTS \*< 


1. Alpha-granules contain protein inclusions, e.g. VWE, 
PDGF (platelet-derived growth factor), thrombo- 
spondin, fibronectin, platelet factor 4, etc. 

Dense granules contain serotonin, ATP, ADP, Ca‘, etc. 

. Platelets secrete PAF (platelet activating factor) which 
is also secreted by neutrophils and macrophages. 
It is a phospholipid derived from membrane lipids. 
It produces DAG (diacylglycerol) by activating 
phospholipase C and stimulates platelet release, i.e. 
discharge of contents of the platelets. 

4. Among other substances present in the platelets are 
givcogen, adrenaline, histamine, etc. 

. Membrane phospholipids of platelets give rise to 
thromboxane A, which takes part in vasoconstriction 
and platelet aggregation. 

- Receptors present on cell membrane help in platelet 
adhesion by binding with vWF (see below). 
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Note: Platelets have two important receptors— 
e'ycoprotein Ib (GPIb) and GplIb-IIa. GpIb receptor of 
‘ne platelets binds with vWF attached to subendothelial 
-cuegen. This causes platelet adhesion. On the other 
- ‘ne Gplib-IIJa receptors of platelets bind with 
~-\.2 receptors of other platelets via fibrinogen 
“ies. This helps in platelet aggregation. Defect in 
la receptor causes a bleeding disorder called 
Gianzmann’s thrombasthenia. 
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. {t helps in hemostasis by forming platelet plug. 

. It secretes platelet factors, which help in coagulation. 
It is also essential for clot retraction. 

. Platelet-derived growth factor helps in repair of vascular 
endothelium and vascular smooth muscle. Thus, they 
take active part in wound healing. 

4. Platelets have phagocytic properties. They actively 

phagocytose antigen-antibody complexes. 

5. Platelets secrete serotonin and thromboxane A,, which 

have vasoconstrictor action. 





Bf FUNCTIONS OF PLATELETS 
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|. platelet aggregation — platelet plug. 
'| The probable sequence of events is: 


I. Injury to the vessel wall exposes subendotheligy 
collagen. 

2. Platelet gets attached to the subendothelial Collagen 
via VWE, which acts like a bridge between them. This ig 
known as platelet adhesion. 

3. Following adhesion, the platelets become activateg 
They undergo change in shape and give off pseudopodia 
At the same time, their intracellular contents are 
discharged. 

4. The discharged contents include Ca** and ADP. 
Thromboxane A, is also liberated. 

5. The sequence of events leading to thromboxane 
formation is as follows (Fig. 15.2): 

Increased PAF secretion stimulates phospholipase 
C > phospholipase C breaks down phosphatidy} 
inositol into IP, (inositol triphosphate) and DAG 
DAG stimulates phospholipase A,— phospholipase 
A, breaks down the membrane phospholipid 
phosphatidylcholine into arachidonic acid > 
arachidonic acid forms endoperoxide [prostaglandin 
H, (PGH,)] catalyzed by cyclooxygenase > PGH, is 
broken down into thromboxane A, by the enzyme 
thromboxane synthetase [PGH, is also converted to 
prostacyclin (PGI,) by PGI, synthetase]. 

6. The ADP and thromboxane A, both increase stickiness 
of platelets. This helps in aggregation of platelets with 
formation of platelet plug. 

. The platelet plug seals off small rents or injuries in vessel 
wall. However for bigger bleeding sites, platelet plug, 


by itself, is inadequate and requires the formation of a 
“clot”. 
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Mf ANTITHROMBOTIC ROLE OF ASPIRIN 


1. Thromboxane A, stimulates platelet aggregation while 
PGI, inhibits platelet aggregation. 

2. Aspirin inhibits the enzyme cyclooxygenase. Thereby, 
it prevents the synthesis of both thromboxane A, and 
PGI. 

[Aspirin is given in low dose because higher dose 
of aspirin causes gastric hyperacidity. This may lead to 
peptic ulcer and hence it should be avoided.] 
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Fig. 15.2: Production of thromboxane A, and prostacyclin. 


(PAF: platelet activating factor; DAG: diacylglycerol; PGH.: souasiendin H_.; PGD,: prostaglandin D,, PGI: prostacyclin) 


3. However, PGI, is regenerated shortly from vascular 
endothelial cells whereas, thromboxane A, which is 
derived from the platelets, remains deficient as platelets 
are replaced after a much longer time (half-life of 
platelets = 4 days). 

As platelets have no DNA, they cannot synthesize 
proteins. So, once a platelet enzyme like cyclooxygenase 
(which produces thromboxane A,) is inactivated, it 
cannot be replenished until newly formed platelets 
containing the enzyme come into circulation. This takes 
a relatively long-time since platelets have a half-life of 
4 days. 

Thus, the normally existing PGI, -thromboxane A, bal- 
ance is now tilted in favor of PGL.. Platelet aggregation 
is inhibited and this leads to a pronounced antithrom- 
natic effect. This is highly beneficial to patients who 
have a risk of coronary or cerebral thrombosis. 

Apart from aspirin, other antithrombotic agents 
commonly used are clopidogrel and dipyridamole. 
Clopidogrel inhibits ADP receptors on platelets and 
interferes with the ability of ADP to aggregate platelets 
whereas dipyridamole prevents production of ADP 
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cascading sequences—resulting in formation of fibrin 


meshwork. 
This fibrin meshwork entangles formed elements of 


blood and a clot is formed. 


. Coagulation factors: These are named by Roman 


numerals. They have other names also, which are often 
multiple and therefore a little confusing. That is why 
the nomenclature using Roman numerals is widely 
accepted. The different factors are: 

Factor I—fibrinogen 

Factor I]—prothrombin 

Factor I[]—tissue thromboplastin 

Factor [V—Ca** 

Factor V—proaccelerin 

Factor VI—does not exist 

Factor VI[—proconvertin 

Factor VilJ—antihemophilic globulin 

Factor [x—Christmas factor 

Factor X—Stuart-Prower factor 

Factor XI—plasma thromboplastin antecedent 
Factor XII—Hageman factor 

Factor XI{I—fibrin stabilizing factor. 


by platelets. Dipyridamole also acts by inhibiting 
phosphodiesterase — rise in cyclic adenosine 
monophosphate (cAMP) -> potentiates PGI,. Thus, it 
acts by potentiating PGI.. 


Note: Numbering of the clotting factors in the clotting 
cascade is notin orderly sequence. This is because they are 
numbered according to the sequence of their discovery. 


B BLoop COAGULATION Z — occurs via two different pathways (Fig. 
a. Intrinsic pathway 


|. Blood coagulation is a complex process involving as 
b. Extrinsic pathway. 


many as 12 coagulation factors. These act in specific 





intrinsic Path 
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Extrinsic Path 
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Fig. 15.3: Pathways of coagulation. 


In both the pathways, ultimately, factor X is 
-onverted to factor Xa (activated factor X). Once, factor 
%a is formed, the rest of the coagulation process is 
common to both pathways. 

. ge#ntrinsic pathway: 

1. This pathway is stimulated by the activation of 
factor XIJ when blood comes in contact with 
exposed subendothelial collagen, kallikrein, 
high molecular weight kininogen (HMWK) or a 
water-wettable surface like glass. 

2. Factor XII is converted to factor XIla [activated 
factor XIJ; (factor) a = activated factor]. Factor 
XJJa activates factor XI to factor Xla; factor Xla, 
in turn, activates factor IX to factor [Xa. 

3. A little amount of thrombin (probably produced 
by extrinsic pathway activation) activates factor 
VIII to factor VIIa. 





4. Factor [Xa along with factor VIlIla, platelet 
phospholipid and Ca** convert factor X to factor 
Xa (for the common pathway that follows: see 

. _, below). 
. py Fétrinsic pathway: 

1. This pathway is activated when tissue injury 
leads to release of tissue thromboplastin which 
activates factor VII to factor VIla. 

2. Factor Vila along with tissue thromboplasua, 
platelet phospholipid and Ca” ions, conver! 
factor X to factor Xa. Factor VIIa also activates 
factor IX to [Xa. 

c. Thus, in both intrinsic and extrinsic pathways, [actor 

X is converted to factor Xa via separate mechanisms. 

d. Now, factor Xa, factor Va, phospholipid, and Ca” 
together form what is known as prothrombin 
activator, this converts prothrombin into thrombin. 
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ss, Formation of stable clot: 
1. Thrombin converts librinoge 
monomers by cleaving off (WO pairs of 
polypeptides from fibrinogen igleeule so 
_In the second step, the fibrin monom ‘Ss 
polymerize and form fibrin threads. These fon 
a loose meshwork which entangles formed 
elements. But this is soft and friable. 
3. Inthe third and final step, these fibrin threads ar 
made stable by factor XI in presence of Ca** with 
the formation of covalent cross-linkages between 
fibrin threads. 
4. Finally, the clot retracts with expulsion of serum 
and it firmly seals the bleeding site. 
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. Got Retraction 


Once the clot forms, it undergoes contraction (within an 
hour). Some fluid, devoid of most of the clotting factors, 
is squeezed out and this is called serum. Platelets play an 
active role in clot retraction and delay in this process may 
indicate low platelet count. Platelets stimulate the process 
of clot retraction in the following steps: 

a. Platelets themselves interconnect different fibrin fibers. 

b. Fibrin stabilizing factor released by platelets forms 
multiple covalent bonds between neighboring fibrin 
threads. 

c. Active contraction of contractile proteins in platelets 
such as actin, myosin, and thrombosthenin, causes 
shrinkage of the attached fibrin fibers and this causes 
clot retraction. 


SERUM 


's the straw-colored fluid squeezed out during clot 
‘raction. It has the same composition as that of plasma 
cepting clotting factors I, II, V, VII, and XIII, which are 
ed up during clot formation. 


ints to Note 


ere are a few more important points to add: 

A. Cascade reaction and amplification: In the pathways 
of coagulation, an activated factor acts on the inactive 
form of another factor which then becomes activated. 
This activated factor, in turn, acts on the inactive form 
of still another factor, which becomes converted to 
the active form. This stepwise sequence of activation 

| reactions is called cascade reaction. 

Again, in each step, a small quantity of one factor 

| activates a larger quantity of the next factor. In this 

way, ultimately, at the end of a series of steps, a large 
amount of the final product is activated. This is called 
amplification. 


atelets and Blood Coagulation 


B. The platelets play an important role in the coagulation 
process. Platelets are activated by thrombin. The 
activated platelets: 

a. Provide receptors which bind several clotting 
factors, 

b. Provide platelet phospholipid (also called platelet 
factor) which is an essential cofactor in some steps 
of coagulation, 

C. Although the intrinsic and extrinsic pathways are two 
separate paths, cross-reactions between them do exist, 
as follows: 

a. Activation of factor VIII by a little amount of 
thrombin, produced probably from the extrinsic 
pathway, has already been mentioned. 

b. Again, factor VIIa formed in the extrinsic pathway 
activates factor IX to [Xa, a reaction occurring 
normally in the intrinsic pathway. 

D. Indeed, the extrinsic and intrinsic pathways are no 
longer thought to be two separate pathways. It is now 
presumed that they probably act in sequence. Thus, the 
extrinsic pathway is activated first. This produces small 
amounts of thrombin which, by itself, is insufficient for 
formation of an effective clot. 

But this thrombin activates factors XI, VIII, V, and 
platelets. Thereby, it activates the far more potent 
intrinsic pathway, which now generates large amounts 
of thrombin and fibrin, sufficient to produce a big 
enough clot. 


Bf ANTICLOTTING MECHANISM 


1. Coagulation of blood, though essential for survival, 
must be regulated properly by appropriate anticlotting 
mechanisms. Otherwise, the clotting process will 
extend throughout the entire cardiovascular tree—a 
major disaster. 

2. The important anticlotting mechanisms, which are also 
responsible for the fluidity of blood, are as follows: 

a. The PGL, as already told, inhibits platelet aggrega- 
tion and prevents progress of clotting. 

b. Heparin, secreted from basophils and mast cells 
in vivo, is a potent anticoagulant when combined 
with antithrombin III. The heparin-antithrombin III 
complex inhibits clotting by antagonizing clotting 
factors IXa, Xa, Xla, and XIla. This complex also acts 
by inhibiting thrombin. 

c. Thrombin-thrombomodulin complex (the fibrino- 
lytic system) (Fig. 15.4): 
¢ Thrombin is a potent coagulating factor. But 

when it binds with thrombomodulin present in 
endothelium, the thrombin-thrombomodulin 
complex acts as an anticlotting agent and acti- 
vates protein C. 
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Fig. 15.4: Fibrinolytic pathway. 


¢ Activated protein C along with cofactor protein S 
inactivates factor Va and factor VIIa, which are 
vital clotting factors. 

¢ Activated protein C with protein S also inactivates 
inhibitor of tPA (tissue plasminogen activator), 
i.e. it activates tPA. 

¢ The activated tPA converts plasminogen to 
plasmin (also called fibrinolysin), which causes 
lysis of fibrin threads. Thus, the clot is dissolved. 

¢ Streptokinase and urokinase, like tPA, convert 
plasminogen into plasmin and cause lysis of 
intravascular clots. That is why streptokinase is 
used in the treatment of myocardial infarction 
(within 6 hours of its occurrence). 

¢ Myocardial infarction is caused by occlusion of 

a branch of coronary artery by intravascular clot. 
The clot interrupts blood supply to the cardiac 
tissue lying distally and this tissue, deprived 
of O, and nutrients, may eventually die, i.e. get 
infarcted. Streptokinase or tPA, by dissolving the 
clot, restores blood supply to the area vulnerable 
for infarction. This prevents permanent 
myocardial damage. 

d. Flow of blood displaces clotting factors from site of 
injury and they are subsequently removed by the 
liver. Thus, spread of clotting process is prevented. 

e. Smooth surface of vascular endothelium also plays 
a role in preventing coagulation. 


2. Vitamin K, in its reduced form, helps in the y-carboxyla- 


tion of glutamic acid residues of the inactive forms of 
these clotting factors. 


. The y-carboxylated glutamic acids can now bind with 


Ca**ions and this converts the clotting factors from 
inactive to active form. 


. Vitamin K antagonists, e.g. dicoumarol or warfarin 


inhibit the reduction of vitamin K. As reduced form of 
vitamin K is essential for its action, i.e. y-carboxylation 
of clotting factors, administration of these vitamin 
K antagonists prevents activation of the vitamin 
K-dependent clotting factors. This is how they act as 
anticoagulants. 


H ANTICOAGULANTS \\~~ 


1. Anticoagulants may be of three types—acting in vivo, 


in vitro, or in both. 


2. Ca-chelating agents: 


a. Na-citrate, double oxalate (a mixture of K- and 
NH,-oxalate), or ethylenediaminetetraacetic acid 
(EDTA) are examples. These are also examples of in 
vitro anticoagulants. 

b. These agents, by their Ca-chelating action, cause 
reduction in available Ca** ions necessary for 
coagulation. 

c. However, they are not suitable for in vivo use, as 
diminished Ca** level interferes with normal body 
functions. 


< Vitamin K antagonists: 
a. Vitamin K is required for activating clotting factors 
II, VII, [X, and X (vide supra). 
b. Vitamin K antagonists such as phenindione, 
warfarin, etc. antagonize the action of vitamin 


ie A VITAMIN K-DEPENDENT CLOTTING FACTORS 


1. These are clotting factors II, VII, 1X, and X. Vitamin K 
is required for the conversion of these clotting factors 
from their inactive state to the active forms. 
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activation of vitamin K-dependent clotting factors. _ 
This explains their anticoagulant action. Thev act _ 


c. They take relatively longer time to act. 


‘_- Aleparin: 


3. It acts both in vivo and in vitro. 


b. It is a sulfated mucopolysaccharide secreted from 
basophil and mast cells. Strong electronegativity of 
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heparin is responsible for its anticoagulant effects. _ 


c. In combination with antithrombin II], it inactivates 
factors IX, X, XI, and XII in addition to thrombin. 
That is how heparin acts as anti 

d. It also helps in the breakdown of triglycerides 
contained in chylomicrons and very low density 
lipoprotein (VLDL), by acting as a cofactor to 
lipoprotein lipase. 

e. Protamine sulfate neutralizes heparin. Hence, it is 
used as an antidote to heparin. 


ff TESTS FOR DEFECTIVE HEMOSTASIS 


i 


TO 


3. Platelet count: Thrombocytopenia may be detected by 


~—> 


. Prothrombin time. 


Bleeding time. | 

a. The ear lobule or the fingertip is aseptically 
punctured by a sharp needle and the oozing out 
blood is wiped off every 15 seconds. 

b. The time taken for the bleeding to stop is the 
bleeding time. Normal range is 2-4 minutes. 

c. It is dependent on platelet plug formation and is 
longer in purpura, von Willebrand disease, etc. 

Clotting time: 

a. Blood from aseptically punctured fingertip is taken | 
in a capillary tube. | 

b. Small bits are broken from the capillary tube at 
intervals of 30 seconds until the blood inside the 
capillary tube clots forming a firm thread. 

c. The time taken for clot formation is clotting time. 
Normal range is 3-5 minutes. 

d. Clotting time is prolonged in defects of clotting 
factors, e.g. hemophilia, Christmas disease, etc. 


| 


platelet count. It can be done directly using platelet 
fluid or indirectly by finding out the ratio of platelet : 
REC and then calculating it from RBC count. 


4. Blood is collected by clean venepuncture with least 
tissue trauma so that tissue factor does not get 
mixed with the blood. The blood is then citrated and 
centrifuged and the plasma is collected. 

b. Ca” and tissue thromboplastin are added to the 
plasma and the mixture is incubated at 37°C. 

C. Time taken to form a gel is the prothrombin time. 
Normal range is 11-16 seconds. 
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d. This test is prolonged in case of any defect in the 
extrinsic pathway, e.g. defects in factors VII. X ‘ 
etc. 

e. Anticoagulant therapy by warfarin. dicoumarol. 
etc. which act by inactivating factors VII, X. and 
others, prolongs prothrombin time and therefore 
prothrombin time is effectively used to keep the 
level of the above-mentioned anticoagulants within 
safe limits. 


. Thromboplastin generation test (TGT): This test is used 


to detect any defect in the intrinsic pathway. Three 

different fractions of patient's blood are mixed with Ca~ 

ions to produce tissue thromboplastin. 

These three fractions are: 

a. Serum which contains factors XII, XI, IX. and X. It is 
the exclusive source of factors IX and X. 

b. Adsorbed plasma which contains factor VIII and 
factor V. Factors XII and XI may also be present. [tis 
the exclusive source of factors VIII and \. 

c. Platelets which supply platelet factor III. 

The tissue thromboplastin produced on mixing 
these three fractions with Ca~ ions, is next mixed 
with normal plasma (containing prothrombin and 
fibrinogen). If the patient's blood is normal, a fibrin 
clot is formed in 8-15 seconds. If the duration is 
longer, a defect in the components of fractions (a), 
(b), or (c) is likely. 

These fractions are then substituted, one by 
one, by components from normal plasma and the 
particular fraction at fault is detected. 

If fraction (a) is defective, factor [IX or factor X is 
deficient. If prothrombin time is normal, factor IX 
is deficient. Abnormal prothrombin time indicates 
factor X deficiency. 

If fraction (b) is defective, factor VIII or factor V is 
deficient. If prothrombin time is normal, factor VII 
is deficient. Abnormal prothrombin time indicates 
factor V deficiency. 

Defect in fraction (c) indicates platelet factor II- 
deficiency. 

In deficiency of prothrombin, fibrinogen or factor 
XIII, TGT is normal. However, clotting time will be 
prolonged in these cases. 


| Bf COAGULATION DISORDERS 


| bharnare: 


A. It is a clinical condition characterized by presence 
of purplish, petechial hemorrhagic spots under the 
skin and mucous membrane. The hemorrhagic 
manifestations in purpura are usually due to defect 
in formation of platelet plug caused by qualitative 
or quantitative abnormality of platelets. Bleeding 
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of unknown origin, Bleeding spots appear 
when platelet count is lower than §0,000/mm-', 
Ihe platelet count may go below 20,000/mm' 








necessitating urgent treatment, Carrier Normal Affected Normal 
bh. Prrombasthenic purpura: Here, the platelet | daughter daughter son son 
count is normal but the platelets themselves are Fig, 15.5: Mode of inheritance of classical hemophilia 
defective In Nature, 
¢. Defect in the vessel = eg, in scurvy, leading to and one healthy X chromosome comes from the 
the hemorrhagic condition. father. So, the disease-producing properties of 
d. Drug-induced purpura: This occurs due to the the defective gene are suppressed by its healthy 
toxic effect of drugs like quinidine, bismuth, etc. allelic counterpart in the healthy X chromosome. 
2. Hemophilia: , 
i . o, the female carries the defective gene but is 
\. It is a coagulation disorder in which factor VIII is anbacuticrer 
Acient (classi ilia or hemophilia A) or oe . 
em anes See ag eine — d. Theoretically, the female can be a sufferer if the 
Pa SDR CRIG eer oe inherited X chromosomes from both father and 
B). Hemophilia C (absence of factor XI) is rare. ; 
es ss mother have the defective gene, i.e. the father 
B. a. The clinical manifestations of hemophilia vary - es 
| f is a sufferer. But this is improbable because a 
with the severity of the disease, which has been h hili ‘ccf cules: before albania 
classified into mild, moderate, and severe types. a me pee ed ly ill : 
». Bleeding into soft tissues, muscles, and joints are BE DROSGIIME ABR Seine 20; Rees where nce oe 
reproduce. 


common. Large hematomas may form causing 
compression of adjacent structures. Painful and 
swollen joints, often recurrent, are very common. 
Patient may also present with hematuria. 
5leeding from oropharynx may occur and it is 
ery dangerous as it may compromise airway 
patency, Le. obstruct air passage. 
c. Hemophilia B (Christmas disease) has the same 
clinical manifestations as hemophilia A. How- 
ever, it is important to ascertain the diagnosis as 


D. It is to be remembered that, in purpura, bleeding 
time is prolonged but coagulation time is normal. 

In contrast, in hemophilia, clotting time is 
prolonged but bleeding time is normal. 

This is because bleeding time depends on 
formation of platelet plug. So, it is increased in 
abnormalities of the platelet, e.g. in purpura. On the 
other hand, clotting time depends on the clotting 
factors. So it is increased in abnormalities of clotting 





it requires to be treated with a different clotting factor, e.g. in hemophilia. 
factor, i.e. factor IX. 3. von Willebrand disease: In this condition, vWF is 
C. Mode of inheritance of classical hemophilia: deficient. vWF is necessary for platelet adhesion. So, 
a. Hemophilia is a sex-linked recessive genetic in von Willebrand disease, platelet plug formation is 
disorder. In hemophilia, only the males are hampered leading to bleeding disorder. 
sufferers. The females are symptomless carriers. Again, VWF torms a complex with factor VIII and it 
This has been illustrated in Figure 15.5. acts as a Carrier of this clotting factor. So, vWF deficiency 
b, The defective gene in hemophilia is X-linked is accompanied by reduced factor VIII levels in blood. 
recessive. This means that the faulty recessive this further increases the hemorrhagic manifestations. 
gene lies in the X chromosome. In the males, | \4/Vitamin K deficiency: 
this gene has no allelic counterpart in the Y A. Vitamin K is adequately supplied in diet. Besides, 
chromosome. So, although the gene is recessive, it is synthesized by bacterial flora in the gut. So, 
active disease is produced in males. vitamin K deficiency may occur: 
c. But, in females one X chromosome with the a. In patients treated by intravenous fluids and 


defective gene comes from the mother (carrier) antibiotics, which suppress intestinal flora. 
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b, Asaresult of bile salt deficiency due 
jaundice (bile salts are essential for 
fat-soluble vitamin k), 

c. Innew born babies, 


toobstructive 


p, Vitamin K helps in the activation of not only 


prothrombin but also other clotting factors, ¢ g. VII 
1X, and X, | 


c. Lack of activation of all these clotting factors in 


vitamin K deticiency leads to bleeding disorder 


5. Extensive liver disease itself may also hamper synthesis 


of clotting factors and cause hemorrhagic symptoms. 


6. Thrombosis and embolism: 


a. Thrombosis is the process of formation of a throm- 


bus, which is a blood clot produced within a blood 
vessel. 


lb. The three factors predisposing to thrombosis are: 


¢ Stasis or circulatory stagnation. 

¢ Hypercoagulability of blood (commonly found 
following surgery). 

¢ Injury to vessel wall. 


c. These factors are mostly present in the bedridden 


patient after surgery. Chance of thrombosis, partic- 
ularly in the leg veins, is very high in such patients. 


absorption of 
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ambulation of patients following surgle 
dures. 


\de When a thrombus is dislodged from its site of origin, 


C, 


it may be transported by the circulating blood to a 


distant site where it may get lodged. This process is 
known as embolism. 

Thus, a large clot may be detached from a leg vein 
and it may ultimately obstruct the large pulmonary 
arteries or their bigger branches. This is known as 
pulmonary thromboembolism and it may have fatal 
consequences, 


7, Disseminated intravascular coagulation (DIC): 
a. 


Septicemia, widespread tissue trauma, etc. are 
associated with uninhibited and increased tissue 
factor activity. This may lead to widespread 
deposition of fibrin in many blood vessels of small 
and medium size. 


. . ” 
Formation of such extensive clots “uses up 


the available clotting factors and platelets. 
Paradoxically, this may lead to coexistent bleeding 
manifestations. This is what happens in DIC. 








B INTRODUCTION 


An antigen is a protein or polysaccharide molecule, usually 
foreign in nature, which gives rise to immune responses in 
the body. Antibodies are proteins limmunoglobulin (1G)] 
produced by B lymphocytes and plasma cells in response 
to a particular antigen. 

The blood group antigens, lodged in red blood cell 
(RBC) wall, react with corresponding antibodies if they are 
present in plasma. This leads to agglutination of red cells. 
Hence, the antigens are known as agglutinogens and the 
antibodies are called agglutinins. 

1. Cell wall of RBC contains different antigens whereas 
antibodies circulate in the plasma. It is to be noted, 
however, that an antigen and the corresponding 
antibody do not normally coexist in a person's blood 
‘cf Landsteiner’s law; see below). Based on the presence 
of antigens, blood is divided into different groups or 
pes. 

_ In all, there are over 21 blood group systems and over 

400 RBC antigens. 

3. Luckily, most of the antigens are weakly antigenic. Also, 
many of the antibodies are cold antibodies which are 
ineffective at body temperature. So, transfusion hazard 
which involves antigen-antibody reactions is much less 
frequent than what is anticipated. 

Of all the blood group systems, the ABO and Rh blood 
groups are most important as they are most often 
implicated in transfusion hazards. 





ABO BLOOD GROUP SYSTEM 


1. Under this system, a person may have the A antigen 
or the B antigen or both antigens or none of them. 
The corresponding blood groups are A, B, AB, or O 


respectively. 


Blood Group 


2. According to a more detailed classification, A antigen 
may again be subclassified into A or A, type. So, blood 
group A is divided into A, and A,. Group A, contains 
A and A, antigen whereas group A, contains only 4 


antigen. 


3, Thus, in all, there are six types of ABO blood group—A 


A, B, A,B, A,B and O. 


4, Each blood type contains antibody corresponding t 


the absent antigen. For example— 
= Blood group A contains anti-B antibody 

(B-agglutinin). 
= Blood group B contains anti-A antibody 

(a-agglutinin). 
= Blood group AB contains no antibody. 
= Blood group O contains both anti-A and anti-B 

antibody (both a-agglutinin and B-agglutinin). 

5. From the above, it is clear that when ABO blood group 
is considered, every person's blood contains two and 
only two substances (antigen or antibody). This is a 
manifestation of Landsteiner’s law. 

6. Landsteiner’s law states that a person with one blood 
group antigen will not have the corresponding antibody 
but if his blood does not have an antigen, his plasma 
will have the corresponding antibody. 

Rh blood group does not obey this law in that an 
Rh-negative person does not have the Rh-antigen but 
still it does not have Rh-antibody unless exposed to 
Rh-positive blood. 

7. The anti-A and anti-B antibodies present in the blood 
are derived from exposure to antigens very similar to A 
and B antigens present in food and intestinal bacteria 
in early infancy. 

This is supported by the fact that these antibodies, 
absent at birth, gradually increase in titer reaching their 
peak at around 9 years. 
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jhe chemical structures of the various ABO Antigens are 
closely related. The H antigen present universally in all 
ABO blood groups contains an oligosaccharide chain 
with terminal fucose. The A antigen contains a terminal 
\-acetvigalactosamine in addition whereas in B antigen 
the N-acetylgalactosamine is replaced by galactose. | 


Sh BLOOD GROUP 


The main features of Rh blood group are: 

1. Itcontains six antigens c, d, e and C, D, E. The D-antigen 
is responsible for Rh- positivity. 

_ The name Rh is derived from Rhesus monkey in whose 

blood this antigen was found. 

The Rh-positive persons constitute 85% of the 

Caucasian population. 

_ The Rh blood group does not obey Landsteiner’s law 
as Rh-negative persons do not have Rh-antibody, also 
called anti-D antibody—unless exposed to Rh-positive 
blood. 

_ The Rh-antibodies are of IgG variety and hence, they 

pass through the placental barrier. 

Also, the Rh-antibodies are incomplete antibodies and 

in vitro, they by themselves cannot agglutinate Rh- 

positive blood. 
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GROUPING AND CROSSMATCHING, 
UNIVERSAL DONOR AND RECIPIENT 


|. Blood grouping is the process by which blood group 
is determined. It is essential for avoiding mismatched 
blood transfusion. 

_ Grouping is done by mixing RBCs with drops containing 
anti-A, anti-B and anti-D antibodies on a glass slide. 
From the pattern of agglutination, the blood group can 
be deduced as follows (Table 16.1). 

_ Agglutination with anti-D antibodies indicates that the 
blood is Rh-positive. 

No agglutination with anti-D anti-bodies indicates 
that the blood is Rh-negative. 

‘. Crossmatching is the process of mixing the donor's red 

cells with recipient's serum and also the recipient's 
red cells with donor’s serum, before actual blood 
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Mable 16.1: The pattern of agglutination. 


Blood group Anti-A Anti-B 
A é 7 
B 7 + 
AB + + 
0 _ a 


+ = Agglutination 
~ = No agglutination 
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transfusion and watching for agglutination if any 

[Donor = ‘the person donating blood; Recipient = I he 

person receiving blood]. 

This process is routinely done to prevent any 
subsequent untoward reaction whatsoever. 

5. During blood transfusion, the donor's red cell antigen 
and recipient’s antibody are considered important. 

. The donor’s antibodies and the recipient's red cell 
antigen are considered less important. This is because 
of the fact that the donor's antibodies get diluted in the 
recipient's plasma, which is much greater in volume 
(250 mL of transfused blood is diluted in 5 liters of 
recipient's blood). So, donor's antibody can usually do 
no harm to recipient's red cells. 

7. Now, blood group “O” does not contain any antigen 
and thus can be transfused into blood of any other ABO 
group without any chance of transfusion reaction. So, 
it is called “universal donor”. 

Again, Rh-negative blood does not contain Rh- 
antigen, which may cause Rh-mismatching on 
transfusion. So, the true “universal donor” is “O’- 
negative blood group. 

8. Rarely, however, “O” blood group may have very high 
titer of antibodies, which may agglutinate recipient's 
red cell seven after dilution. This possibility should be 
kept in mind during transfusion of group “O” blood. 
This is one of the reasons why crossmatching of blood 
is so important before transfusion. 

9, Again, blood group AB does not contain any antibody. 
So, it can receive blood of any other ABO group 
without any chance of transfusion reaction. So, group 
AB is “universal recipient’. Rh-positive blood does 
not contain anti-D antibody. So, there is no chance 
of Rh-mismatching when Rh-positive blood receives 
transfusion. Therefore, true “universal recipient” is 
AB-positive blood group. 

10. One should remember that “O” group is “universal 
donor” as long as the transfusion is small in volume 
because in larger transfusions, dilution is much less and 
so, anti-A and anti-B antibodies in group “O” blood will 
agglutinate the antigens in the recipient's blood. 

Similarly, group AB is “universal recipient” only 
as long as the transfusion is small in amount. In large 
volume transfusion, the antibodies of donor blood will 
agglutinate the recipient's antigens as dilution is much 
less. 

11. Notwithstanding the terms “universal donor” and 

“universal recipient’, one should realize that blood 

transfusion must not be done on the basis of ABO and 

Rh compatibility alone because blood contains many 

other antigens, which may cause serious transfusion 

hazards. Here lies the utility of crossmatching prior to 
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transfusion, which eliminates chances of mismatching 
by rare blood groups and thus can play an important 
role in preventing transfusion hazards. 


“\BPPRESERVATION INJURIES “> 


1. Blood donated by an individual often has to be stored 
in the blood bank for some time before transfusion into 
a needy patient. Prolonged storage at blood bank at low 
temperature (4°C) leads to some deteriorative changes 
in the quality of blood. These are called preservation 
injuries. For example, the activities of 2,3-diphospho- 
givcerate (2.3 DPG) and sodium-potassium adenosine 
triphosphatase (Na‘/K*-ATPase) are inhibited. 

2. Decreased activity of 2,3-DPG reduces the ability of 
RBCs to deliver oxygen (O.) due the leftward shift of 
0. -hemoglobin (O,-Hb) dissociation curve (p. 142). 

3. Diminished activity of Na*/K‘-ATPase, which drives 
3Na™ ions out of the cell in exchange of 2K‘ ions that 
enter into the cell, results in net movement of Na** and 
K- ions in opposite directions. Thus, there is now net 
Na’ influx and K° efflux. 

4 The preservation injuries may be enumerated as 
follows: 

2 Loss of 2,3-DPG — leftward shift of the O,-Hb 
dissociation curve — greater affinity of Hb for 0, 
less O. delivery to tissues. 

This is prevented to some extent by using citrate- 
phosphate-dextrose as anticoagulant in the stored 
blood. 

>. Efflux of K- from RBC leading to hyperkalemia. 

Rise in Na‘ inside RBC. 
‘iminished functional capability of RBCs due to 
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e. Diminished platelet count 





__ S/WAURDS OF BLOOD TRANSFUSION 


Blood transfusion, often a life-saving measure in a 
moribund patient, is nevertheless fraught with potential 
hazards. These hazards can be enumerated under two 
headings: (1) Hazards of mismatched transfusion where the 
donor's and the recipient's blood do not match. (2) Hazards 
of matched transfusion where donor's and recipient's blood 
are properly matched. 

“Y Hazards of mismatched transfusion: Here, due to 
mismatch between RBC antigen and antibodies 
in plasma, there is widespread agglutination and 
hemolysis. this gives rise to the following reactions: 

a. Early. 
6 Hemolysis. 


| 
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¢ Henal shutdown as a result of WiAwed redugy 
of renal blood flaw is caused by circulatory Nailing 
(shock) and renal vasoconstriction. J hese tye, 
due to the action of toxic products liberated 
antigen-antibody reaction and hemolysis, 4 
is further aggravated by tubular blockage by Ih, 
which ts liberated following hemolysis. 4 

bh. Late—jaundice due to accumulation of biliry 
which is produced by breakdown of Hb rele, 


following hemolysis. 


wilazards of matched transfuston: Were, although 


the RBC antigens match with antibodies in plasma, 
the following symptoms may arise particularly ig 
the transfusion is excessive or when proper precautions 
are not taken, 
a. Larly: 
¢ If the volume of transfused blood is high, it iiay 
cause circulatory overload leading to congestive 
cardiac failure (CCF), which results in dyspnea, 
etc, 
¢ Pyrogen reaction which may Jead to fever (rise ig 
temperature). 
¢ Hypocalcemia— Due to chelation of plasma Ca~ 
by citrate used as an anticoagulant in transfused 
blood. 
¢ Hyperkalemia — Due to K’ efflux from RBC. ft 
may be an effect of diminished activity of Na*/K*- 
ATPase in transfused RBC resulting in K° efflux 
(diminished activity of Na*/K*-ATPase is due to 
storage of blood in low temperature; see above). 
¢ Decreased delivery of O, to tissues due to 
decreased activity of 2,3-DPG. 
¢ Thrombophlebitis may result due to inflammation 
caused by prolonged stay of needle inside vein. 
b, Late: 
¢ Hemosiderosis—this is characterized by 
accumulation of iron in different organs of the 
body, which may occur following repeated blood 
transfusions. 
¢ Transmission of blood-borne diseases, e.g. hep- 
atitis B, acquired immunodeficiency syndrome 
(AIDS), malaria, etc. 


Autologous Transfusion 


With the advent of highly dangerous blood-borne disease 
like AIDS, hepatitis B, etc. blood transfusion has become 
a serious hazard. Due to this, there is ongoing research 
for finding a blood substitute, which will eliminate 
chances of disease transmission and at the same time 


¢ Capillary blockage by clumps of agglutinated | emergency blood transfusions will be possible without 
| crossmatching, 


RBC. 
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various methods are being iny 
ecombinant Hb administration, O,-carrying organic 
chemicals or antigen-free RBCs, But none of these has 
emerged as a viable alternative as yet. However, the 
sechnique of autologous transfusion (see below) is being 
ased as a useful method, which may prevent transfusion 
,azard to some extent. 

In this method, about 1-1.5 liters of blood is collected 
n several sittings over 3 weeks from a patient who will 
andergo major surgery and therefore will require blood 
.ansfusion during surgery. The patient receives iron 
supplements during the period of blood collection and 
hen he recovers in a few weeks (his blood count and 
sih% become normal), he undergoes surgery. The blood 
sansfusions required during surgery are supplied from his 
own blood—already collected and stored. Obviously, this 
procedure eliminates chances of disease transmission or 
-omplications arising from mismatching of blood. 


_ GPEMOLYTIC DISEASE OF NEWBORN 


|. Whena Rh-positive baby is conceived bya Rh-negative 
mother in her first pregnancy, red cells from the 
fetus carrying the Rh-antigen cannot usually cross 
the placental barrier and set up an antigen-antibody 
reaction with mother’s blood. So, the first baby is 
unharmed. 

). However, during childbirth, some Rh-positive red cells 

of the baby gain entry into mother’s circulation through 
placental wounds. Entry of these cells results in the 
formation of anti-D antibodies in mother’s blood (it 
should be noted that only some mothers show these 
reactions). 
if in subsequent pregnancy, the baby is Rh-positive, 
these anti-D antibodies in mother’s blood, being IgG 
‘ype, cross the placenta and react with fetal red cells 
causing hemolysis and anemia. 
The RBC destruction and anemia result in compensatory 
hyperactivity of bone marrow. The liver and spleen, 
which are fetal hematopoietic organs, are enlarged with 
increased hematopoietic activity. Due to the abundant 
production of RBCs, RBC precursors such as nucleated 
erythroblasts come into circulation, which is why the 
condition is known as erythroblastosis fetalis. 

. Excessive hemolysis leads to high bilirubin level in 
blood causing jaundice (icterus gravis neonatorum). 
lf bilirubin concentration exceeds 19 mg/100 mL, 
bilirubin crosses the immature blood-brain barrier 
of the fetus and gets deposited in basal ganglia with 
consequent extrapyramidal rigidity. This is known as 
kernicterus. 
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estigated, e.g. | 6. Inextreme cases, the baby may die with swelling of the 


body, This is known as hydrops fetalis. 

. Treatment: 

Preventive—just after birth of a Rh-positive baby 

born to a Rh-negative mother, anti-D antibodies 

are injected into the mother within 72 hours, These 
antibodies neutralize the Rh-antigen, which has 
gained entry during child birth. 

b. Curative—the affected baby, after birth, is subjected 
to exchange transfusion, in which, the baby’s blood 
is replaced with ABO-compatible Rh-negative 
blood in small amounts at a time. 

8. Rh-isoimmunization (antigen-antibody reaction due 
to Rh-incompatibility) usually does not occur if the 
mother and baby are ABO-incompatible. The probable 
reason is that, as the Rh-positive RBCs from the fetus 
enter into maternal circulation, they are destroyed due 
to ABO incompatibility before they can produce Rh- 
antibodies. 

9. Although rare, very small amounts of Rh-antigens from 
an Rh-positive fetus may leak through the placenta into 
the blood of an Rh-negative mother during pregnancy. 
To prevent antibody formation, in such cases, anti-D 
antibodies are sometimes given in the middle of 
pregnancy of a Rh-negative mother carrying an Rh- 
positive fetus. 
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Blood Group and Paternity Test 


A person with blood group A must have inherited A 
antigen from both parents or A antigen from one parent 
and O antigen from the other parent. In other words, 
his phenotype is A but his genotype is AA or AO. Thus, 
phenotype B (blood group B) has the genotype BB or BO 
and phenotype O has the genotype OO. 

Based on this, ABO blood grouping can determine or 
rather exclude paternity in a particular case. For, example, 
if the mother is of blood group O (genotype OO) and the 
daughter is of blood group B (genotype BB or BO); the 
father can never be of blood group A. 


Bj IMPORTANCE OF BLOOD GROUP 


. To avoid mismatched transfusion. 

. For identification of a person for medicolegal purposes. 

. For anthropological studies. 

. Association of some diseases with specific blood 
groups. 

. For paternity testing (of limited value). 

6. The Rh blood group is especially important for 

prevention of hemolytic disease of newborn, caused 

by Rh mismatching between mother and baby, 
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Coombs test | 
Rh-antibodies (anti-D antibodies) are “incomplete” antibodies, which attach to Rh ‘positive RBC 's but cannot agg) Utinagy 
them in vitro. Such RBCs with attached incomplete antibodies are called “sensitized” RBCs. However, Agglutinaticy, 
takes place when sensitized RBCs are mixed with antihuman globulins. 

When sensitized RBCs are washed, the firmly attached incomplete antibodies are not removed whereas nthe, 
complete antibodies are washed off. 

Coombs test is used to detect: 
a. The sensitized RBCs in the fetus. 
b. The anti-Rh antibodies in mother’s blood—in cases of Rh-isoimmunization. | 

In Rh-isoimmunization, blood from the fetus contains sensitized RBCs. When antihuman globulins (obtained by 
injecting human globulins into a rabbit) are mixed with these sensitized RBCs, agglutination takes place even when the 
RBCs are properly washed. This is direct Coombs test. . 

On the other hand, if mother’s blood contains anti-Rh antibodies, their presence can be detected by indireg; 
Coombs test. 

Here. mother’s blood is incubated, in vitro, with group “O” Rh-positive red cells. This process gives rise to sensitized 
RBCs, if anti-Rh antibodies are present in mother’s blood. Next, antihuman globulin is added to the mixture, [f 
agglutination takes place, presence of anti-Rh antibodies in mother’s blood is confirmed. This is called the indirect 
Coombs test. 


Bombay blood group 

H gene gives rise to the “H antigen’, which is an important component of all types of ABO blood group antigens. A and 
B antigens are formed by addition of specific terminal sugars to H antigen. Group “O” blood contains only H antigen. 
If H antigen is absent, A and B antigens are also absent. Now, Bombay blood group is a very rare type of blood group. 
Here, H gene is not inherited. Such a person does not have the H antigen. They do not have A or B antigens either, as 
explained above. 

So, anti-H, anti-A and anti-B antibodies are present in blood of these individuals. Group “O” blood cannot be 
transfused in such a person because Group “O” blood contains H antigen and it reacts with anti-H antibodies. So, to 
avoid risk of transfusion reactions, these individuals, when required, have to be transfused with blood of the same 
blood group, i.e. blood from another individual of Bombay blood group. This is very difficult to obtain. Therefore, these 
individuals should keep a list of persons with this rare blood group in order to obtain blood in cases of emergency. 
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alee 
¢ body has its own defense against external agents 
such as bacteria, virus, etc. Similarly, it has effective | 
cefensive machinery against internal agents like tumor 
or malignancy. These protective mechanisms are 
es known as immunity. 
2 | { two types—(1) innate or nonspecific and (2) 


‘ kk does not require prior contact with the 
otfending agent. 
¢ this type of immunity is of nonspecific nature 
acting as a general body defense mechanism. 
~ Specific immunity: 
¢ it needs prior exposure to the offending agent. 
¢ it acts specifically against particular external 
or internal agent It is ineffective against other 
offenders. That is why it is known as specific 
immunity. 
Examples of innate (nonspecific) immunity: 
.. ine intact skin and mucous membrane 
+. ine commensal bacteria on the skin | 


| 
| 
| 
| 
| 
smspecific or innate immunity: 
| 
| 
| 








>. 1né mucus overlying the mucous membrane and the | 

oactericidal substances in it | 
+. Hydrochloric acid (HCI) in the stomach | 
>. Intestinal commensals | 
>. Cilia of respiratory tract | 
Neutrophils, macrophages, and eosinophils | 
« Complement and properdin system. 

Examples of specific immunity: 

|. Specific antibodies 
2. Cytotoxic T lymphocytes. 





Immunity 





t SPECIFIC IMMUNITY 


1. Itis of two types, passive and active. 

2. When the antibodies responsible for protecting the 
body from external antigens, are passively injected 
or transferred into the body, this is called passive 
immunity. 

3. Passive immunity may be: 

a. Natural, e.g. mother’s milk supplying antibody to 
the baby, or 

b. Artificial, e.g. injection of antitetanus serum to a 
subject. 

4. Active immunity requires the active participation of 
the subject’s immune system for its formation and is 
formed following introduction of antigen into subject's 
body. 

5. This may be: 

a. Natural, e.g. in a viral or bacterial infection, or 
b. Artificial, e.g. following administration of attenuated 
vaccine, e.g. polio vaccine. 


ND T LYMPHOCYTES 


_ The lymphocytes are functionally divided into: (A) B 


lymphocytes and (B) T lymphocytes. 
A. B lymphocytes: 

a. These are named after bursa of Fabricius, alymphoid 
tissue found near the cloaca of birds. 

b. Inhumans, B cells mature in the liver in fetal life and 
in the bone marrow postnatally. 

c. They are responsible for humoral immunity by 
producing immunoglobulins and are chiefly 
instrumental in combating bacterial invasion 
[humoral immunity is mediated through organic 
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substances such as immunoglobulins (Ips) 
diated immunity, the other type 


whereas cell-me 
mediated through cells, ¢.8: the 


of immunity, ts 
vmphocytes themselves: | 

d. They can also function as antigen prese 

T lymphocytes: 

a. These are so name 
thymus. 

b. They are of four types— 
cytotoxic T cells (T,), (iii 
suppressor T cells (also Td: 

i. Helper T cells (T, cells)—they have a stimulant 

role in almost all types of immune reactions. The 
T,,1 type of helper T cells helps in producing cell- 
mediated immunitywith the help of interleukin-2 
(IL-2) and interferon gamma (INF-y). The T,,2 
type of helper T cells, on the other hand, helps 
in producing humoral immunity with the help of 
IL-4, IL-5, and IL-10. 
A third type of helper T cell called T,,17 is 
concerned with mobilization of neutrophils in 
bacterial infections. Another type of lymphocyte 
called T,., lymphocyte depresses immune 
responses by producing the cytokine IL-10. 

ii. Cytotoxic T cells (T, cells) are involved in cell- 
mediated cytotoxicity. These cytotoxic cells have 
been divided into af and 76 types on the basis of 
polypeptides in the T cell receptor. 

iii. Memory T cells preserve immunological 
memory and hasten subsequent immune 
reactions. 

iv. Suppressor T cells have some role in limiting 
immune reactions. 

c. T cells afford protection from viral, fungal, and 
mycobacterial infections and also from malignancy. 
They also take part in graft rejection and delayed 

type of hypersensitivity (vide infra). 


nting cell, 
d because they mature in the 


(i) helper T cells (T,), (ii) 
) memory T cells and (iv) 


OR NATURAL KILLER CELLS 


* Apart from T and B lymphocytes, there is a third variety 


of lymphocytes, which are large cells containing 
azurophilic granules. They have the unique capability 
of killing tumor cells and viruses without prior 
sensitization. That is why these cells are called killer or 
natural killer (K or NK) cells. 


. They have also some role in antibody-dependent cell- 


mediated cytotoxicity. 

Ratio of T lymphocyte : B lymphocyte: K or NK cells = 
70:15:15. 

Another variant called NKT cell is formed in the thymus. 
It has dual properties of NK cell and T lymphocyte. 


I, 


2. 


So, four types of cytotoxic lymphocytes are availapy, 
fordmmune functions, These are ¢ ()'T lymphocyte, 
lymphatyte, NK lymphocyte, and NKT lymphocyte 


26 OF MACROPHAGES IN IMMUNITY 


Macrophage is a component of innate immunity jy 


virtue of its phagocytizing ability. 
Macrophage plays an important role In specifi, 
immunity by processing and presenting antigen. 


. Macrophage liberates cytokines such as TNF, IL-1, IL-¢ 


etc, which play an important role in immunity. 


. Macrophages take active part in delayed type og; 


hypersensitivity reaction. 


_ Macrophages have the ability to cause lysis of turno, 


cells. 


Note: Toll-like receptors are present in the cell membrane 
of macrophages. These receptors recognize segments of 
conserved molecular sequence in pathogenic microbes, 
This helps in initiation of the inflammatory processes 
with secretion of cytokines from macrophages. 
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CELLS 


These cells have receptors for binding IgE antibodies, 
In immediate hypersensitivity reaction, antigen-lgt 
(antibody)—mast cell complexes are formed. 

Mast cells liberate histamine, platelet-activating factor 
(PAF), leukotriene, and other chemical mediators, 
These factors cause acute inflammatory reactions, e.g 
vasodilatation, smooth muscle spasm, hypersecretion 
of mucus, etc. and even shock and circulatory failure. 
This is known as immediate hypersensitivity type of 
reaction or anaphylaxis. 


MAJOR HISTOCOMPATIBILITY COMPLEX PROTEINS 
(HUMAN LEUKOCYTE ANTIGENS) 


ki 


Major histocompatibility complex (MHC) proteins are 
synthesized by MHC genes present in chromosome 6. 
They help in distinguishing between self and novself. 
These are also known as human leukocyte ant:gens 
(HLA antigens). 


. They are of two types: 


i. The MHC class I molecules—they are present in all 
types of cells, and 

ii. The MHC class II molecules—they are prese:it in 
macrophages, B lymphocytes, Langerhans den«riti¢ 
cells, etc. 


. Where the antigen is internal or intracellular, suc!) as, 


Viral antigen in virus-infected cell or tumor protein 
in tumor cells, the antigens are processed along with 
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class T MHC proteins by the afte 
and presented to T, cells. 

But, where the antigen js eMtornal, @ 
infection, the antigen is processed bym 
8 cells along with class IMHC prote: 
to T, cells. 


- 


gy cell RECEPTOR AND IMMUNOLOGICAL SYNAPSE 


|. The antigen-presenting cell like m 
processed antigen along w 


Cled cells themselves 


IN bacterial 
Acrophages or 
INS And presented 


acrophage presents 
ith MHC class I] proteins 
to T, lymphocytes. Similarly, cells containing viral or 


tumor antigen present processed antigen along with 
MHC class I proteins to T, lymphocytes, 

_ The processed antigen and MHC proteins form links 
with specific T lymphocytes through T cell receptor. 
The T cell receptor contains two polypeptide subunits, 
usually a and B. These subunits contain hypervariable 
\, D, and J segments, which enable innumerable 
variations of T cell receptors. Each variation has unique 
properties to bind with its specific antigen (see below). 

_ CD,and CD, are proteins associated with T ,andT, types 
of T lymphocytes, respectively. These proteins have an 
active role in the binding of MHC proteins with the T 
cell receptor. ro 

. The term “immunological synapse” has been aptly 
coined to describe the linkage between antigen and 
MHC proteins of an antigen-presenting cell on one 
hand and CD, or CD, proteins and T cell receptor of a 
T lymphocyte on the other. 
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_CELL-MEDIATED IMMUNITY 


-cell-mediated immune reactions, also known as cell- 
ediated immunity, include: 

|. Delayed type of hypersensitivity 

-. Cell-mediated cytotoxicity. 


ayed Type of Hypersensitivity (Fig. 17.1) 


|. This is a type of hypersensitivity reaction characteristi- 

cally found in tuberculin test. 

-. Here, the antigen is processed and presented by a 
macrophage along with MHC class II proteins to a T, 
lymphocyte of T,,1 type. 

. The IL-1 secreted from the macrophages activates the T, 
(T,,1) cell to secrete IL-2. This IL-2 acts on IL-2 receptors 
on the T, cells themselves in an autocrine fashion. This 
leads to their proliferation, differentiation and formation 
of memory T cells, and effector cells. 

4. With the above process, various cytokines like IL-12, 

INF-y, etc. are liberated. 
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| Antigen * MHC-1 —" fanaa} > IZ 
Anligen-presenting call, ol] {| fyitararntiatine 

0.9, Macrophage | “") | proiterstion 
Memory T cette Effector call 


» 1: Delayed type of hypersensitivity. 
(IL: interleukin; MHC; major histocompatibility cornplex, 


These stimulate macrophages, which are the major 
effector cells with the power to kill microbes or forrn 
granulomas if killing is not possible. Giant cells formed 
by fusion of macrophages are a feature of this type of 
immune reaction. 


fated Cytotoxicity (Fig. 17.2) 


1. In cell-mediated cytotoxicity, the intracellular viral or 
tumor antigen in the virus-infected cell or tumor cell 
is presented with class I MHC proteins of the cell itself, 
to T, lymphocyte. 

2. The T, lymphocyte is simultaneously stimulated 
by IL-2 secreted from a helper T, cell. The latter is 
activated by products of the antigen presented with 
MHC class II proteins by an antigen-presenting 
cell, e.g. a macrophage (in this case, the antigen- 
presenting cell has processed part of the antigen located 
extracellularly). This helpful interaction between helper 
T, (T,,1) lymphocyte and T, lymphocyte is called T-T 
cooperation. 











Antigen + MHC-| ee 
Heiper T, 
lymphocyte 
Differentiation ———— t aed 
proliferation Antigen ; MrC-I5 
Antigen-presenting 
cell, 
€.g Macropnage 
Viral antigen or 
tumor antigen a 
containing cell Memory T celts 


17.2: Cell-mediated cytotoxicity. 
(IL: ifterleukin; MHC: major histocompatibility complex 









i \ 7 


Sectlon t) Hematology - 


y Now the activated | doaphoente wndenoey prolifer 


Pong tren trenton, and formation af memory Eoells, 


1 We activated Plvimphoevtes now ease (yd ob the 


WITTMTILNURIRRNIRUMUIUMENIEUIENOR\YI OS 

a Vhev secrete perforin. whieh forms pores tn the cell 
wall Mis is Collowed by osmotic swelling at eotls 
and subsequent lysis, 

Wb. Wey may cause apoptosis of (he antigen bearing 
tumor or virus diatected collin Cal -dependent or 
Cas independent pathways, 

In the Cav-dependent pathway, Cal’ entry tito the 


antigen: bearing cell activates enzymes whieh break down 
deovvribonucteic acid (DNA) and fragment the nucleus, 


In the Ca-independent pathway, apoptosis results 


from Eas- Ras ligand interaction which results in lysis ofthe 
antigen-bearing cell, 


B ACTIVATION OF B CELLS 


1, Blymphocytes are the precursors of plasma cells whieh 


produce immunoglobulins, 


2. Beells are activated in two ways: 


i. Thymus-independent way and 
li. Thymus-dependent way, 


1. Thymus-independent way: In this, B cells are directly 


activated by exogenous thymus-independent antigen, 
It is believed that regularly arranged antigenic 
determinants of thymus-independent antigens cross- 
link anumber of receptors on B lymphocytes and cause 
their proliferation. Here, the B cells are transformed 
into plasma cells with subsequent formation of lg, ‘The 
whole process is accomplished without any help from 
the helper T lymphocytes and that is why it is called 


thymus independent. 
|. Thymus-dependent way: 


a. In this, B cells are activated by helper T’ cell of the 
T\,2 variety. As T lymphocytes are required, this 
pathway is called thymus-dependent. 

b. The antigen is processed and presented by an 
antigen presenting cell like macrophage along with 
MHC class II proteins, to a helper T cell of T, 2 type. 

c. The IL-1 secreted from the macrophage activates 
the T, (1,2) lymphocyte which secretes IL-4 
and IL-5. These lymphokines, in turn, act on B 
cells and transform them to plasma cells, The 
immunologically beneficial association between 
T,,2 and B lymphocytes is known as 'T-B cooperation, 

d, Plasma cells finally secrete Igs. 


e, Sometimes, in place of the macrophage, B cell itself 


can act as antigen presenting cell. Under these 
circumstances, macrophages are not required in 
this type of immune reaction. 
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GENEMAL STRUCTURE OF IMMUNOGLOBULIN (Fig. 17, 


1 These are protein ti tiatiire belong to the elgge of 
y Hlobullia, Thene are of five types Ch) tyG, (2) ly) 
CV) WM, (1) 1 ned (0) TQ, 

J Rach Yeonalaty obone of more subunite, eae) a 
whieh ts formed by 2 heavy chatna and 2 ght chain, 
exprommodban th 1, (UE heavy) bo Tight) | 

J. The TYG ty a monomer (han a aligle subuUnle) whereg, 
IA Iya dimer (201) anid AM tsa pentamer (S11 
having 2 and 6 subunits, respectively, 

A, Additional components such an 7 chain and secretyp, 
component may be present 

6, Heavy and tight ehalns are Tinked by disulfide bridges 

6, ‘The heavy chatn has a flexible region known as “hinge? 

7. ‘The heavy and light chains have “constant” ang 
“variable” sopments, Constant segments do not vary jp 
composition but varlable segments (designated V, p, 5 
otc.) do vary. This leads to the formation of millions of 
different antibodies In the body (see below), 

8. Papaln breaks down [ys to two fractlons—(1) ab 
(antigen-binding fragment) and (2) lig (erystallizable 
lragment), 

9, ‘There are two antigen-binding sites In each subunit, ke 

portion has receptors for binding with complement, ete, 


IDUAL IMMUNOGLOBULINS 


Ihedifterent Ips have different functions: 

. Immunoglobulin G: 

a. ‘This is the most common type of Ig, accounting for 
75% of the total Igs. 


Antigen binding sites _ @/ 
‘ VL: 


JL 


N 












VH 


D 
JH 


CH, 
Disulfide 


bonds Hinge 


CH, 


CH, 


H =Heavy chain 
L = Light o})din 


Uw 


C = Constant segment 
V,D,J = Variable segments 






3: Structure of Immunoglobulin. 
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Ammunoglobulin M: 


- 
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e ‘Ammunoglobulin E: This Ig takes part in immediate type 


e 
45 


GENETIC DIVERSITY OF IMMUNOGLOBULINS 


SR a he 
eS ee 


a 
- 


Jie to its low Molecular Weight, ite 
the placenta and provide iMMunity 

~. Ithas four subclasses—IgG_ IgG 

4t plays important role in Opsoniz 
complement activation, 

rmmunoglobulin A: 

3. Ivis the principal antibody found in the secretory 
pathways such as respiratory, alimentary, and 
genitourinary tracts. 

b. Its structure is 2H,L, with J chain and secretory 
component. 

c. Itis also present in milk, tear, etc, 


An Pass Through 
to the fetus, 






























ation and 


a. It is a high molecular weight Ig, being a pentamer 
with aJ chain. Due to its large size, it is mainly intra- 
vascular in location. 

bh, ABO blood group antibodies belong to this class. 

c. Itis a component of immune complexes in some 


autoimmune diseases. It also takes part in comple- 
ment activation. 


hypersensitivity reactions triggered by mast cells. It also 
takes part in allergic reactions and combats parasitic 
infestations. 


- Immunoglobulin D: Function is not clearly known. 


. Millions of different antigens come in contact with 
the immune system in our body. For each antigen, a 
specific antibody different from others is produced. 
Thus, the immune system in our body produces 
millions of different antibodies. 

Naturally, the question arises—how this enormous 
diversity of Igs is possible? The probable answer is as 
follows: 
a. Both the heavy and light chains have hypervariable 
segments. Each heavy chain has hypervariable 
segments V, D, and J. 
». Now, there are a few hundred different genetic 
coding regions for V segment, 20 others for D 
segment and 4 for J segment. 
As a B cell develops, one coding region each for 
V, D, and J segments are selected randomly. They 
combine to form the ultimate genetic part that 
will determine the amino acid sequence of the 
hypervariable segment of a particular Ig. 

_ The light chains have similar hypervariable segments, 
V and J. Other types of variations also exist. 

. The total number of different variations possible, by 
permutation and combination, has been calculated 
lo produce10°-10'" different Ig molecules. 


a Chapter 17; 


Immunity 


4. Diversity is notlimited to lg only. (cell receptor which 
binds specifically with millions of different types of 
presented antigens, also shows similar diversity, 

The wand {subunits of I cell receptor, like Ig, have 
similar hypervariable segments. Ultimately, these 
variations allow the total number of different types 


of T cell receptors to reach an astounding figure of 
Loe, 


DIFFERENT ACTIONS OF ANTIBODIES 


The antibodies (Ig) provide protection from the harrnful 

effects of antigens by reacting with them in the following 

ways: 
1. Acting as opsonins followed by phagocytosis of the 
antigen 

. Neutralization by occupying receptors 

. Precipitation 

. Agglutination 

. Complement activation 

. Antibody-dependent cell-mediated cytotoxicity involv- 
ing K/NK cells. 
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LYMPHOKINES, CYTOKINES, AND INTERLEUKINS 
(THE INTERCELLULAR MESSENGERS) 


Lymphokine: Chemical messengers secreted by 
lymphocytes. 

Monokine: Chemical messengers secreted by 
monocytes. 

Cytokine: Chemical messenger secreted by any cell. 
Interleukin: Chemical messenger whose chemical 
composition has been determined. 


FUNCTION OF SEVERAL IMPORTANT INTERLEUKINS 


“9 


The IL-1 — activates T’, cells. 

The IL-2 > autocrine action on T cells activating them 
to proliferate and differentiate. 

The IL-12 — promotes cell-mediated reactions: 
promotes production of IFN-y and proliferation of NK 
cells. 


¢, 
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The IL-4 and IL-5 > stimulate and transform B cells 
into plasma cells, 


nterferons 


These are substances produced from a virus-infected cell. 
They spread to other host cells preparing them to combat 
further viral attack. Interferons interfere (hence the name) 
with formation of mRNA and protein synthesis, He 


hee, 
they arrest growth of virus. 

















Section 3: Hematology 


~~ we = youn —_ 
ee 


PATHWAYS OF COMPLEMENT ACTIVATION 


[e1}—_—————+ [C1 complex (Ctqr’s’) | 


C4 +2 +114 | Cabra + Cab + Ca! 


(C3 convertase) 


C3 C3a + (C3b + Cb C2a] 








a 












 C4bC2aC3b 
(C5 convertase) 
C5a + C5b 
| 
| C6, C7, C8, C9 
| 
v 
CLASSICAL PATHWAY C5bC6C7C8C9 
(MAC) 
C3 hydrolysis C3a + C3b 
Factor B 
C3b B 
Factor D 
C3bBb + Ba 
(C3 convertase) 
C3a + [C3b + C3b Bb] 
ALTERNATIVE PATHWAY C3bBbC3b 
(C5 convertase) 


(Rest same as in classical pathway) 


Fig. 17.4: Pathways of complement activation. 
(MAC: membrane-attack complex) 


3. The complement system can be activated by a ci. sical 

— Renee eTons pathway as well as by an alternative pathwa The 
1. The complement system includes 20 different protein two pathways differ in the mode of generation ! C3 
enzymes present in plasma, 11 of which are most convertase. . 
important. . 4. In the classical pathway, generation of C3 con\ o 

2, These are named C1 -C9, C1 is again divided into Clq, requires involvement of antigen-antibody comple Nl 
| Clr, and Cls. also requires complement fractions C1-C4. In colt" 
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iy the alternative pathway, there js spontaneous C3 

hydrolysis independent of antigen-antibody heuetion 

and this ultimately produces (3 convertase tn a 

different pathway (see below), 

- In the classical pathway, the antigen-antibody 
binding facilitates the combination of Fe receptor of 
the antibody (1g) with C1. This sets off a cascade of 
reactions, Which activates the complement fractions 
¢1-C9 and ultimately forms the lytic complex C5b6789, 

g. The alternate pathway is a nonspecific immune 
mechanism triggered by some polysaccharide- 
containing viruses or bacteria. The polyhexose 
components of these microorganisms are recognized 
and this leads to activation of factors B and D in the 

lasma. These in turn activate complement C3 onwards 

and form the lytic complex. 

- Inthe complement system: 

i. Enormous amplification of the reaction takes place 
as each step involves increasingly greater amount of 
complement enzymes. 

ii. Many active byproducts, e.g. C3a, C3b, C5a, C4a, 
etc. are formed with specific helpful defensive 
functions. 

iii. Some of these are as follows: 

a. C3b—this helps in opsonization of bacteria with 
subsequent phagocytosis by macrophages and 
neutrophils. 

b. C5a—this helps in chemotaxis, e.g., attraction of 
inflammatory cells like neutrophils into the local 

| area. 

| c. C5b6789 or the lytic complex—this complex can 
directly rupture the cell wall of bacteria. 

d. C3a, C4a, and C5a—these components together 
stimulate mast cells and basophils to secrete 
histamine and other active substances and 
promote local inflammation. 


hways of complement activation 


lassical pathway, the complement component Clq 

ds to the antigen-antibody complex. This activates 

, Clr and two Cls molecules. Together, these form 

| complex expressed as Clqr2s2. This C1 complex 

\ splits C4 and C2 components producing C4a, C4b, 

‘a, and C2b. C4b and C2a bind together to form C3 

unvertase (C4bC2a complex), which cleaves C3 into 

3a and C3b. C3b combines with C4bC2a to produce 

"5 convertase (C4bC2aC3b complex). C5 convertase 

splits C5 into C5a and C5b. C5b combines with C6, C7, 

C8, and C9 to form C5b6789 complex which is known as 
membrane attack complex (MAC). 

it contains perforin molecules, which punches holes 

in the cell membrane and causes osmotic lysis of the cell. 


In the alternative pathway, there is sporntaneots 


hydrolysis of C3, which breaks dawn into C4a and ©5b 
C3b, In contact with membrane of the pathogen, hinds 
with factor 8 to form C3bB. Another factor called factor D 
splits factor B into Ba and Bb, Bb binds with C45 forming 
C3bBhb, This is the C5 convertase of alternative pathway. 
C3bBb splits C5 into C3a and C3b, C4b binds with CabBb 
to form C3bBb3b. This is the C5 convertase that splits 
C5 into C5a and C5b, Rest of the pathway is similar to 
classical pathway. 


Bl THEORIES OF IMMUNOTOLERANCE 


1, 


2. 


The body's immune system does not react with body's 


own antigens. This is known as immune tolerance or 
self-tolerance. 


Three theories have been put forward to explain this: 


. Clonal deletion: The clones of T lymphocytes and 
B lymphocytes, which would have reacted with 
self-antigens are destroyed and deleted during 
their maturation in the thymus. Thus, chance of 
autoimmunity is reduced. 

.Clonal anergy: Here, the autoreactive 1 and B 
lymphocytes become inactive due to lack of 
costimulator molecules in somatic tissues, which 
express self-antigens, The costimulator molecules 
are essential for clonal activation of lymphocytes. 
The inactivated lymphocytes become anergic 
(nonreactive) to self-antigens. 

. Role of suppress or T cells: The main mechanisms ot 
immune tolerance are clonal deletion and clonal 
anergy. However, suppressor T cells are thought to 
play an additional role in inactivating helper T cells 
and also B cells linked with autoimmune reactions. 

The actual mechanism is not very clear but 
inhibitory IL-10 seems to be involved. 
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fl THEORIES OF AUTOIMMUNITY 


hy 


Immune reaction to self-antigen is known as auto- 
immunity. Obviously, the mechanisms responsible 
for immune tolerance are unsuccessful and this has 
led to autoimmune diseases. Important examples of 
autoimmune diseases are myasthenia gravis, insulin- 
dependent diabetes mellitus, etc, 


. Some probable theories are as follows: 


a. Molecular modification ot autoantigen, especially 
on exposure to drugs or microbes, may sensitize 
them to circulating T cells leading to subsequent 
autoimmune reactions, 

b. Molecular mimicry: Some microbial agents may 
have structural similarity with body tissue. As a 








result, they may produce antibodies which cross 

react with specific body tissue, Rheumatic fever 

affecting cardiac valves is an example. 
c. Sequestration of antigens: Some antigens ofthe body, 
e.g. Intraocular tissue, are sequestered (hidden) 
trom the immune system, So, clonal deletion does 
not take place. 

Subsequently, these antigens may become 
exposed following trauma or infection and this leads 
to autoimmune disease. Some diseases atfecting the 











\ eve are caused in this way. 


RED IMMUNODEFICIENCY SYNDROME 


wired immunodeficiency syndrome (AIDS) is a viral 

disease of rather recent onset, first appearing in 1981. 

The virus has two types—(1) human immunodeficiency 

virus-] (HIV-1) and HIV-2. It is a retrovirus containing 
the enzyme reverse transcriptase (which can synthesize 

Deomtibonucleic acid (DNA) from ribonucleic acid 
(RNA)}. The disease is mostly sexually transmitted. It shows 
slow but relentless progress until death supervenes. 

So far, no curative treatment is possible. Intense 
research is in progress to find an effective remedy for this 
dreaded disease. 

The disease has the potential to spread rapidly in India 
in other countries of the world. So, various awareness 
rams are continuing to educate people about this 
acing problem and its ways of prevention. 

Acquired immune deficiency syndrome or AIDS is 
characterized by destruction of T, helper cells, which have a 
pivotal role in all types of immune reactions. 

Thus, a profound immune deficiency state is 
produced, with supervening microbial infections and even 
malignancies. Atypical microbes, which normally have low 
pathogenicity, are often the dominant infecting agent in 
AIDS. All this inevitably culminate in death of the patient. 

It is transmitted through serum or different bodily 
secretions. Thus, it usually occurs following sexual 
intercourse particularly in homosexuals and persons 
having sex with multiple partners. It also occurs following 
use of infected syringes and needles (common among 
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drug addicts) or blood transtision from infected Patong 
Mother to ebild transmission also occurs 

Diagnosis is done by screening for antibodies tein 
enevine linked immunosorbent assay (BLISA) tests Westopy 
blot assay is employed to confirm presence oF antibodie. 
while the virus is detected by polymerase ¢ hain reactlor 

rreatment—apart from controlling complications 
specific treatment includes administration of rig, 
like avidothymidine, which is an Inhibitor of reverg, 
transcriptase, Ibs, ete, 


i TISSUE TRANSPLANTATION AND GRAFT REJECTION 


then an organ of the body like the kidney, liver, hear; 
or skin is damaged beyond repair, attempts have been 
made to replace them with the same organs from the 
same species or even different species. This procedure 


is knawn as “grafting” 
rénsplantation of a tissue or an organ from the same 


species is known as “allograft” and from different species 
is known as “xenograft’ “Isograft” is transplantation 
between monozygotic twins, 

3, Allografts, which are most commonly performed, are 
treated as “foreign” tissue by the immune system of the 
recipient. 

4. Immune reactions including formation of antibody as 
well as T cell-triggered delayed type of hypersensitivity 
and cell-mediated cytotoxicity, take place against the 
transplanted tissue. 

5. To minimize these immune reactions: 

Tissue typing (HLA typing) is done. The HLA 

antigens are chiefly responsible for tissue mismatch, 

So, prior to transplantation, HLA typing is done 

to ensure maximum possible matching of tissues 

en donor and recipient. 
imunosuppressant drugs, which minimize the 
immune response of the recipient, are administered, 
These drugs are: 
i. Corticosteroids 
ii, Antilymphocyte globulin 

Aif Cyclosporin 

iv. Tacrolimus, ete. 


a. 










i ASSESSMENT QUESTIONS 


4 Lond Questions 

1 Darcride the stages of erythropoiesis. Discuss the 
fac (ES controlling ELVEN DO polesis, 

> What are the different types of pl 
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3, A fetal RBC has a life span: 
. 1/4 of adult ABC 
b. 1/S of adult RBC 


Discuss then (dividual characteristics and seats 7 “ a ecu Ree , 
What is edema? d. Same as that of adult RBC 
y Pescribe the intrinsic and ONTHISIE pathways of 4. Which Hb has least affinity for 2,3-OPG? 
coRQULTION. Whatis the fibrinolytic mechanism of a, HbA 
antiogulation? b, HbF 
4 Whatare blood groups? Briefly describe the ABO and ¢. HDA, 
Ry system, What are the features of hemolytic disease d. HbAtc 
of newborn? How ican be prevented and treated? 5. Mechanism by which metalloproteins help in the 
& Write short notes on; treatment of jaundice: 
» Spherocytosis a. Increased glucuronyl transferase activity 
> ESR b. Inhibition of heme oxygenase 
> Permectous anenia c. Decreased RBC lysis 
4 Sactle cellaneniia d. None of the above 
5. Red blood cell indices 6. Which of the following degrades fibrin? 
ao Anncoagulants a. Thrombin 
* Hamophilia b Placmin 
S Purpura c. Both 
2 Grouping and cross-matching a None 
vA: tiniuaes aint 
; ee Site =e 7. Which clotting factor is also celled proaccelerin? 
© Explain why or give brief answer: 7 so 
) Whatare the advantages of biconcave shape of RBC? = Factor Vill 
> Hemolytic anemia may occur in G-6-P-D deficiency, d. Factor XI 


3 Vatamin B,, deficiency causes megaloblastic anemia. 


4 Total gastrectomy causes anemia. 8. Not a vitamin K dependent clotting factor: 


S NbF has strong affinity for oxygen. a. Factor Vil 
© Acute visceral pain may occur in sickle cell anemia, b. Factor Ix 
~ In acute hemorrhage, Hb% is initially normal. c, Factor X 
S Rouleaux formation elevates ESR. | d, Protein C 
2 Low dose aspirin is prescribed in patients with 9, Vitamin K is not involved in the action of: 
coronary thrombosis. a. Factor Il 
0) Remophilia does not usually affect females. b. Factor VII 
' Acid-phosphate-citrate is a better anticoagulant in c. Factor VIII 
preserving blood. d. Protein C 
Multiple choice questions: 10. Not capable of platelet aggregation: 
1. Erythropoiesis in an adult male occurs at: a. ADP 
a. Shaft of long bones b. Thromboxane A, 
oD Liver c, Serotonin 
Yolk sac 


d. Prostacyclin 


11. Function of activated protein C: 
a. Helps in the clotting process 

b Neutrophils b, Inactivates factor Il 

C Platelets c, Activates factor X 

d. Eosinophils d, Inactivates factor VIII 


d. Flat bones 
2. Longest life span is shown by? 
a. RBC 
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NCOs Answers 
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Ans. d. In. an adult male, erythropoiesis (RBC formation) 
occurs in proximal ends of long bones as well as flat 
bones e.g. bones of skull, pelvis, vertebrae, sternum and 
ribs. [Erythropoiesis occurs in the yolk sac (3rd week ~ 3 
months) and liver (3rd-Sth month) in fetal life). 

Ans.a. Life span of RBC is about 120 days whereas that of 
3 neutrophil is 2-5 days. Platelets live for about 10 days 
while an eosinophil lives for 7-12 days. 

Ans. c. Life span of a fetal RBC is 60 - 90 days, i.e, 2/3rd of 
adult RBC (which has a life span of 120 days). 

Ans. b. HbF has 2 a and 2 y chains. y-chains do not 
bind with 2-3-DPG. So, HbF has least affinity for 2-3- 
DPG. (Because affinity for O, and affinity for 2-3-DPG are 
inversely related, HbF has a strong affinity towards O, 
which helps the fetus to extract O, from maternal venous 
blood which has a low pO,). 

Ans. b. Metalloproteins inhibit the enzyme heme 
oxygenase which breaks down heme into Fe, biliverdin 
and CO. As biliverdin is the precursor of bilirubin, 
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10. 


1 


production of the latter Is reduced by metalloprete, 


and jaundice is relieved. 


_Ans. b. Plasmin, also called fibrinolysin, breaks dq,,, 


fibrin into fibrin degradation products. (Thrormp,, 


converts fibrinogen to fibrin thus producing it rath. 


than causing its degradation). 


Ans. a. Factor V is also called as proaccelerin and laby, 


factor. 


Ans. d. Vitamin K-dependent clotting factors are Il, vi jy 


and X. Protein C, although activated by vitamin K, is ne, 
a clotting factor. | 


Ans. c. See also Ans. 8. Vitamin K is not involved in th. 


action of factor VIII. However, it is involved in the actigy 
of the other options including protein C. 

Ans. d. ADP, thromboxane A, and serotonin - all cause 
platelet aggregation whereas prostacyclin inhibit. 
platelet aggregation. 

Ans. d. Activation of protein C causes inactivation of 
clotting factors V and VIII and it is a part of anti-clotting 


process. 
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J 1YPES OF RESPIRATION 
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In the tissues, oxygen (O,) is required to produce energy 
and in the process carbon dioxide (CO,) is evolved 
in the tissues. These processes are part of internal 
respiration. 


. Now, CO, is brought back to the lungs from the tissues 


by blood while O, is transported from the lungs to the 
tissues in the opposite direction. 


_ The lungs act as an organ of gas exchange. During 


inspiration, O, enters into the lungs and during 
expiration, CO, goes out from the body via the lungs. 
This is the external respiration. 


“ATOMICAL FEATURES 


Juring respiration, air passes through the respiratory 

tact which extends from the nostrils to the lung alveoli. 
€ Upper respiratory tract extends from the external 
ares to the vocal folds. 

While air passes through the upper respiratory tract, 

itis warmed and humidified. 

Larger dust particles are also removed. 

Upper respiratory tract is concerned with voice 

production. 

ie lower respiratory tract consists of trachea, bronchi, 
‘onchioles, alveolar ducts and finally alveoli. 
here are twenty three divisions of the tracheobronchial 
‘Ce, Starting from the trachea down to the alveoli. 

The space extending from the external nares to the 
‘crminal bronchioles is contained in the first sixteen 
5€nerations of tracheobronchial tree. It is known as the 
Conducting zone because this part simply conducts air 
and does not take part in gaseous exchange. 


. a. The last seven generations form the transitional zone 


and exchange zone. 


Introduction 


mpneouaiens 


b, They are formed by respiratory bronchioles, alveolar 

ducts and alveoli. All of them take part in respiration. 

The above morphometric classification (based on 

form and size) of the tracheobronchial tree is known 

as Weibel’s model, introduced by Weibel, a Swiss 
physiologist (Fig. 18.1). 

c. The total cross-sectional area of the first sixteen 
generations of tracheobronchial tree increases 
uniformly. However, in the last seven generations, 
there is a tremendous increase in the total cross- 
sectional area as a result of repeated branchings 
and sacculations. Thus, presented diagrammatically 
(Fig. 18.1), the total cross-sectional area along the 
tracheobronchial tree is funnel-shaped. The mouth 
of the funnel represents the distal most part of the 
tracheobronchial tree. 


. The extensive subdivisions of tracheobronchial tree 


greatly increase the surface area for gas exchange. The 
total number of alveoli is about 300 million and the 
surface area of the alveolocapillary membrane is about 
70 M’. The pulmonary capillaries ramify in the spaces 
in between the alveoli. 


. The blood in the capillary is separated from the air in 


the alveolus by the alveolocapillary membrane. 

This consists of the following layers (Fig. 18.2): 

a. The capillary endothelium. 

b. Basement membrane of the capillary endothelium. 

c. Connective tissue layer between the basement 
membrane of capillary endothelium and basement 
membrane of alveolar epithelium. 

d. Basement membrane of alveolar epithelium. 

e. Alveolar epithelial layer. 

f. A thin layer of fluid lining the epithelial layer, 


- 


9, Lung alveolar epithelium consists of two types of cells: 


a. Type | pneumocytes are large, flat cells and they 
mainly line alveolar walls. 
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Fag. TST: Weidel’s mode! of tracheobronchial tree. 


layer becomes thicker especially in the termina! 
bronchioles. 

3 The cilia of the respiratory tract beat in a coordinated 
&shion and propel the dust particles trapped in the wal] 
of the respiratory tract toward the larynx. 


42a 


db. 


C. 


The muscles of the bronchi and bronchioles 
contain numerous muscarinic receptors. These, 
on stimulation by acetylcholine secreted from 
perasympathetic nerves, cause bronchoconstriction. 
Other causes of bronchoconstriction are chemical 
agents like histamine or leukotriene secreted from 
mast cell and irritants like sulfur dioxide (SO), 
smoke, irritant gases, etc. 
On the other hand, sympathetic stimulation or 
circulating norepinephrine/epinephrine excites 
6 ,-receptors present in the bronchial wall, causing 
dronchodilation. Epinephrine due to its more 
pronounced effect on §-receptors has more marked 
bronchodilator effect. 

There is a third type of bronchial innervation by 
noncholinergic, nonadrenergic nerves. These cause 
dronchodilation mediated by the neurotransmi ‘ter 
vasoactive intestinal peptide (VIP). 

Clinically used bronchodilators like salbutamo! are 
5,-agonists and they act by stimulating B -receptors. 
On the other hand, ipratropium bromide, anot vet 
oronchodilator, acts by blocking parasympathetic 
muscarinic receptors. 


epithelium while is wall contains cartilage and some Ml SOME FEATURES OF PULMONARY CIRCULATION 


COLES sero amd mucous piarats. 
Giants and cattliage ae adsemt and the smooch muscie 


t. the entire right ventricular output of deoxygenated 
blood passes through the pulmonary trunk which 
divides into the left and right pulmonary arter«s 
supplying the left and right lungs respectively. 
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shack pulionary artery UN enpOes MOpeated Uvintanny 
ane SUDCIVEMOS and UNinately KIVER Vine tO he 
pulmonary capillaries whieh te between the lin 
aleeok 

» An in the ling alveall is SeparaATOd Tom the blood ln 
ihe lang capillaries by the alveotos OpMAry Membrane 
(vide supra), 

) the pressure of blood ty Pulmonary CHpUTarlon ty 
about LOmm Hy while the mean HHTeTT pressive tn 
pulmonary CHreOROD Is around 1 Wty py, 


Nolte: 

Q. Why pulmonary alveoll are normally dry? 

Ans. a Whereas pulmonary Capillary hydrowtatte 
pressure (that tends to drive out {uid from the 
capillary) is 10 min Hp, pulmonary capillary 
osmotle pressure (which tends to draw uid 
inside the capillary) is 25 mm My. That in why 
uid cannot pass into the alveol| trom the 
capillary lumen and the alveoll are dry, 

b, Another cause of dry alveoli ts the low surface 
lension in the alveoli due to the presence of 
pulmonary surfactant, ‘The low surface tension 
reduces the foree whieh draws fluld from the 
pulmonary blood vessels to produce pulmonary 
edema, 

CAs the interstitial fluid pressure in the lung 
Is slightly negative (subatmospheric), any 
fluid collected in the alveoll js drawn Into the 
lung interstitium, This fluid absorbed Into the 
Interstitial tissue, Is dralned by lymphatics, So, 
this is another factor keeping the alveoll dry, 

d. Normally, epithelial Na‘ channels or KNaCs help 
in reabsorption of Na‘ and water from alveolar 
lumen and thus help in keeping the alveoli dry, 
In premature infants, (hese channels are Inactive 
and this leads to pulmonary edema, 


Blood from the pulmonary capillaries is drained 
(hrough venules which Join with other venules to form 
progressively larger veins, 

Hinally, four pulmonary veins are formed, which 
drain into the left atrium, 

Tn addition to the above, the lungs also receive lully 
oxygenated arterial blood through the bronchial 
ALerles, 

b. This blood mainly supplies the bronchi and pleura 
and meets their nutritional requirement. 

The azygos vein drains 50% of the blood returned by 
bronchial veins, ‘The remaining 50% of deoxygenated 
blood from bronchial veins passes (hrough anastomotic 
Channels and mixes with the fully oxygenated blood 


_ 


Inthe PUlNOnTY Velie and then returns Hiraugh 
Ihe latter, This admire of deoxyyenated bron bial 
venous blood with fully oxygenated venous blood in 
pulmonary vel, Ieculled “physiological shunt’ and i 
hone of the factors that reduce the oxygen tension bp 
Ihe pulmonary velne from 100 men Ny to about 97 rem 
Ny. The oxygen tension in pulmonary venous blood 
should equal alveolar O. tension, Le. 100 mm Hy, But 
(he above mentioned venous admixture reduces it to 
V7 ry Dy, 

The mean arterial pressure in pulmonary circulation is 
About 1h mim Hg whereas left atrial pressure is about 
Dn Hy. So, the pressure gradient driving blood 
through pulmonary elreulation ts about 10 mem Hy 
This In in contrast to systemic circulation where the 
Arerlovenous pressure gradient is about 100 mien Hy, 
Le ten times thatin pulmonary elreulation. 

Now, since blood flow through the two circulations 
ln the same (both the left and right ventricular output 
being 5 L/min), resistance in pulmonary circulation 
Must be one-tenth that of systemie cireulation. So, 
pulmonary elrculation Is often called low resistance, 
low pressure clreulation, 
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: EFFECT OF GRAVITY ON PULMONARY 
CIRCULATION (FIG. 18,3) 


|. Blood flow in the upright lung is influenced by gravity. 
The pulmonary arterial pressure is about 20 em HO at 
the middle of the lung at the level of right atrium. From 
(his point, the arterial pressure decreases toward the 
apex of lung and increases toward the lung base 

In the topmost part of the lung, the arterial pressure is 
almost equal to the alveolar (atmospheric) pressure. So, 
when the arterial pressure is reduced as in hemorrhage 
or the alveolar pressure is increased as in intermittent 
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VP, Pulmonary arterial pressure 
VP. © Alveolar pressure 
P,® Pulmonary venous pressure 





Lungs 


Amount of blood flow 


Fig. 16.3; Effect of gravity on pulmonary circulation 
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ne pressure ventilation (P <P), pulmonary blood 
» this regen stops, causing an increase in dead 
space This ts called zone |. However, i1 is important to 
note that normally zone | does not exist in a healthy 
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ins the maddie part of the lung (zone 2), the arterial and 


capillary pressures are greater than alveolar pressure 


. 


nyt the venous pressure is lower than the alveolar | 


oressure (P > P > P_). Here, pulmonary blood flow is | 


guse4 ty the anerial-alveolar pressure gradient and 
nen by the arleriovenous pressure gradient 

This type of blood flow is likened to a waterfall 
where flow occurs due to the difference between 
spetream pressure (analogous to arterial pressure) 
and the pressure at the top of the waterfall (analogous 
. ziveolar pressure). Pressure at the bottom of the 
wzaeriz (analogous to venous pressure) has no effect 
on water flow. 

tiss, if we consider pulmonary blood flow during a 
catia. cyGe, we find that the nature of blood flow in 
Uae 2s” immerminent’ in character This is because the 
sysclic blood pressure is greater than alveolar pressure 
usmpressing the capillaries. This leads to blood flow 


through the capillaries during systole. However, the | 
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diastolic blood pressure is quite low and it is unable t,, 
force blood through the capillaries. That is why blond 
flow in zone 2 is intermittent. 


In the lower part of the lung (zone 3), pulmonary 


arterial pressure is greater than venous pressure which 
is greater than alveolar pressure (P, > P_ > P,). Blood flow 
occurs due to arteriovenous pressure gradient. 


_ From the apex of the lung toward the base, the arteriaj 


pressure increases gradually due to gravity and blood 
flow also gradually increases toward the base in zones 
2 and 3. 


_ In the lowest part of the lungs (zone 4), the intrapleura| 


pressure is almost zero (increased above normal). 
So, the pulmonary especially extra-alveolar blood 
vessels which are usually pulled open by the negative 
intrapleural pressure in upper areas, become narrower 
in this lowermost part of the lung in the absence of 
outward pull. Pulmonary blood flow in this zone (zone 4} 
decreases as a result. 


7. Also, in some conditions, such as left ventricular 


failure, the pulmonary venous pressure is very high 
in the lowest part of the lung and perivascular edema 
obstructs blood flow. In such conditions, blood flow is 
diminished in the lowest part of the lung (zone 4). 
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Lung Ventilation 


mies 


| volume between the normal end-inspiratory and 


tie vertiiation of = / end-expiratory points. 
ed eeoreets meee divided betw sia b. Inspiratory reserve volume (2-3 L): It is the volume 
veaieainn 77 MN Separate different of air that can be maximally (forcefully) inspired 
phases OF Zones of respiration. These boundaries after a normal inspiration 
are — ak boundaries and these zones of c. Expiratory reserve volume (1,300 mL): It is the 
ve - : into volumes and capacities. volume of air that can be maximally (forcefully) 
2 The difference between 4 volume and a Capacity is the expired after a normal expiration. 
ample fact that a capacity is the sum of more than one d. Residual volume (1,200 mL): It is the volume of air 
(SIDE, remaining in the lungs even after forceful expiration. 
» The different volumes and capacities of lungs (Fig. 19.1) 


“mE 
a 


2. Tidal volume (500 mL): This is the volume of air 
inspired or expired during normal breathing, i.e. the 


Volume (in titers) 


6 


0 


€. Inspiratory capacity (2,500-3,500 mL): Inspiratory 
reserve volume + Tidal volume. 


f. Expiratory capacity (1,800 mL): Expiratory reserve 


volume + Tidal volume. 
VC = Vital capacity 
| | TV =Tidal volume 


| IRV = Inspiratory reserve volume 
ERV = Expiratory reserve volume 
RV = Residual volume 
FRC = Functional residual 
Capacity 


wa 
| 


IRV 


FRC 
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Fig. 19.1: Different volumes and capacities of lungs. 
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Functional residual capacity (FRC; 2,500 m1): 
xpiratory reserve volume 4 Residual volume. 

Itis the amount of air remaining in the lungs after 
anormal expiration, 

It is the resting respiratory level at which the lungs 
are under least tension after a normal expiration, 
At this point, forces expanding and collapsing the 
lungs are equal, 


. Vital capacity (4-4.8 L): Inspiratory reserve volume 


+ Tidal volume + Expiratory reserve volume (vide 
infra), 

Total lung capacity (5-6 L): Vital capacity + Residual 
volume, It is the amount of air present in the lungs 
after a maximal inspiration, 


_ Of all the volumes, residual volume cannot be 


measured by a spirometer. Along with this, the 
capacities incorporating residual volume, such as, 


FRC and total lung capacity cannot be measured by 
a spirometer. 


. Residual volume can be measured by Helium 


dilution technique or by N, washout technique. Note 
that single breath O, inhalation followed by rapid N, 
meter estimation is different from N, washout. 


. Helium dilution technique (Figs. 19.2A and B): 


¢ ‘The subject, at functional residual capacity (after 
anormal expiration), breathes from a spirometer 
containing helium having a concentration of C 
and volume V . So, the amount of helium is V,C.. 

¢ After a few minutes, which allow the helium to 
equilibrate fully with the subject’s lung air, the 
helium concentration is measured again at end- 
expiration. 
Let it be C,. As the helium has now spread to the 
lung, its volume is now V, + FRC and its diluted 
concentration is C,. So the amount of helium is 
their product, i.e. (V+ FRC).C, 
SO, V,.C, = (V, + FRC).C, 





' ' VC, 
or, Vv, + PRO ic 
VC 
or FRC = + -V, 
C, 
_VC,-VC, 
OG, 
_V{(C,-C,) 
8 


“2 

As the values of V,, C, and C, are known, FRC cay, 
be calculated. From FRC, residual volume cap 
be calculated by subtracting expiratory reserve 
volume. 


5. The residual volume exists because the small airway; 
collapse during forceful expiration before the alveoj 
are emptied and air cannot be expelled any further. 


Presence of residual volume is important in two 


ways. Firstly, in absence of complete collapse, residua! 
volume prevents large fluctuation in pO, during the 
respiratory cycle. Secondly, expansion of the partially 
filled lungs is easier than that of a completely collapsed 
lung (see the initial flat part of pressure-volume curve 
Fig. 20.6). Hence, work of breathing is decreased. 

6. Vital capacity: 


da. 


It is the amount of air that can be forcefully expired 
after taking a maximal (forceful) inspiration. 


. Normal value is 4-4.8 L. 
. Uses: 


¢ Vital capacity gives some idea about the physica! 
fitness of an individual. 

¢ Vital capacity may help in identifying presence of 
disease although it has limited diagnostic value. 

¢ Vital capacity has prognostic value, as serial 


estimations of vital capacity may indicate the 
progress of disease. 





Figs. 19.2A and B: Measurement of functional residual ca 
(A) Just before breathing from spirometer: (B) After 


pacity by helium dilution method: 
breathing from spirometer. 
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Factors influencing vital capacity: 
@ Age Low in extremes of age 
@ Sex: Lower in females 


posture, compared to its value in st 
posture. This is because, 


anding | 


> Insupine posture, the weight of the abdominal | 


viscera, e.g. liver and spleen, pushes the 
diaphragm upward. This restricts respiration. 


> Due to increased venous return in supine | 


posture, the lungs contain extra blood and 
become heavier. This reduces respiratory 
excursions of lung and diminishes vital 
capacity. 
¢ Training: In athletes and sportsmen undergoing 
regular physical training, vital Capacity is 
increased. 
¢ Disease: Vital capacity is decreased in various 
lung diseases. 


~. Timed vital capacity (Fig. 19.3): 


The tme-related forceful expulsion of air, i.e. the 
amount of air forcefully expelled in 1, 2 or 3 seconds 
after a forceful inspiration is known as timed vital 
capacity. 


». These are also known as “forced expiratory volume” 


in 1, 2or3 seconds or FEV, FEV,, FEV, respectively. 


. These, particularly FEV, have important diagnostic 


value when determined along with FVC or “forced 
vital capacity” (vital capacity performed forcefully). 
Normally, FEV, = 80% of FVC. 
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Fig. 19.3: Timed vital capacity in normal lung, restrictive lung 


disease and obstructive lung disease. 
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Chapter 19: Lung Ventilation 


d. There are two types of lung diseases: 

|. Obstructive type, e.g. brone hial asthma or 
emphysema, where there is obstruction tf 
respiratory airway, 

ii. Restrictive type, e.g. fibrosis, where the lung 
movements are restricted. 

e. In obstructive lung disease, the defect is essentially 
obstruction in the airways. Here, FEV, is reduced 
remarkably compared to FVC. For example, FEV, 
may fall to 50% of FVC. 

f. In contrast, in restrictive lung disease, FVC is 
diminished due to restricted lung movement. FEV, 
is also diminished but the FEV /FVC ratio is normal. 

Thus, the two types of disease can be distinguished 
by measuring FEV, and FVC. 
g. Distinction between bronchial asthma and emphy- 
sema, both of which are obstructive airway diseases: 
¢ Bronchial asthma can be distinguished from 
emphysema by administering an injection of 
salbutamol (which is a bronchodilator) to the 
patient and noting the FEV, after half an hour. 

¢ Ina patient with bronchial asthma which causes 
reversible obstruction, there is marked increase in 
FEV as the obstruction is reversed by salbutamol. 
But, inemphysema, the obstruction is irreversible. 
So, FEV, remains unchanged in emphysema in 
spite of bronchodilator administration. 


8. Maximal voluntary ventilation (MVV): 


9. 


10. 


a. It is the amount of air that is ventilated during 
maximal voluntary effort in 1 minute. Normal value 
is 100-150 L/minute. 

b. Itis measured by noting the amount of air ventilated 
with maximal effort in 10 seconds (prolonged 
breathing with maximal effort is not tolerated by 
the subject) and calculating the value for 1 minute. 

Breathing reserve (BR): It is the capacity for maximal 

ventilation over and above resting minute ventilation 

(MV). So, BR = MVV - MV. 

Dyspneic index: It is BR expressed as a percentage of 

MVV. So, it is: 

MVV —- MV 
I 
Dyspnea ts difficulty in breathing. lt is experienced 
when breathing, which normally occurs at an 
unconscious level, comes to consciousness. Dyspnea 
is felt when dyspneic index is 70% or less. 


x 100% 


Bf DEAD SPACE 
l. 


The respiratory passages can be divided into: 
a. A conducting zone which conducts air from outside 
atmosphere into lungs. 
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b. An exchange cone where gaseous exchange takes 





: 


— 


place, 

There is a small ansition cone in between the two, 
As, no gaseous exchange takes place inthe conducting 
zone, itis known as dead space, (Conducting zone 
extends from external nares to terminal bronchioles), 
This dead space is called anatomical dead space and 
it differs from physiological dead space, Normally, 
volume of anatomical dead space is about 150 mL, 
Its value in mL is approximately equal to body weight 
in pounds. 


_ Physiological dead space may be defined as the 


total amount of wasted ventilation in the lung, i.e. 
the amount of air that does not take part in gaseous 
exchange in the whole lung, It is equal to anatomical 
dead space plus any additional dead space in the 
exchange zone. (The latter is called alveolar dead 
space). In a healthy individual, anatomical dead 
space = Physiological dead space, as there is no 
dead space in exchange zone in health, 

Any additional dead space in exchange zone, 
which is included in physiological dead space, 
may be caused by emboli (displaced thrombi from 
a distant site) which occlude capillaries supplying 
lung alveoli. As there is no blood flow to the alveoli 
due to occlusion of alveolar blood vessels, the 
ventilation is wasted and dead space is produced 
in the exchange zone. Physiological dead space is 
also increased when there is excess ventilation with 
respect to perfusion, causing wasted ventilation. 


Measurement of anatomical dead space (Fig. 19.4): 
a. Anatomical dead space can be measured by 


single breath O, inhalation followed by rapid N, 


centration 


< 


N.con 


} 
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Volume of expired gas 


meter analysis of nitrogen content Of the expinn, 


is, 


. val »() . 
b, ‘The subject takes a single Inbalation of pure Gang, 


rapid N, meter analyses the nitrogen content of m 
’ i 
steadily expired gas. The expiration can be divide. 

into several phases, 


c, In phase J, the first portion of expired Yas Corp. 


out from the anatomical dead space and contage. 
pure O,, The nitrogen concentration in this expired 
gas is almost nil and the N, concentration cupy, 
plotted against volume of expired gas runs alony 
the baseline. 


d, In phase I, the gas coming out is a mixture of deag 


space gas with alveolar gas. So, N, concentratigr 
begins to rise, 


e, In phase III, when all dead space gas has been 


expired, pure alveolar air comes out and the § 
concentration line becomes horizontal, signifying 


a constant N, concentration. 

f, Anatomical dead space is measured by adding the 
volume of gas expired in phase I to approximately 
half the volume of gas expired in phase II. 

. Measurement of physiological dead space is done by 
applying Bohr’s equation, which states that 


V, _ P,CO, -P,CO, 
V, PCO, 


Where, 

V,, = Physiological dead space 

V,.= Tidal volume 

PCO, = Partial pressure of CO, in arterial blood 
PCO, = Partial pressure of CO, in expired air. 


| = Exhalation of pure O, 
C = Dead space 
A = Phase | 


B = Phase |I 
Ill = Exhalation of alveolar air 


(See text) 


Fig. 19.4; Measurement of anatomical dead space. 


the yous Of dead oprae tiller: og work of be 
qhnuss, INCTeaee in dead) Space reorpisiveng Wate tidal ves 

uo: maintainsinig noninal hood gas concerts thon, ‘This 
increases work of breathing and ray lead ta eatty latigye 


iparnoularly the energy demand ts high as in exercise) 


e gi VEOLAR VENTILATION 


; part of the minute ventilation (MY) is wasted in the 
dead space. If this wasted ventilation due ts dead space 


is deducted from MY, we yet the volume of air taking | 
part in gaseous exchange in alveoli, This is alveutar 


yentilauon. 
Suppose, tidal volume (V,) = 500 mi. 
Heepiratory fate = 12/mirnute 
anatomical dead space (V,) = 150 ml. 
Su, alveolar ventilation (V,) 

-(V,-V) 712 mL/minute 

49) 7 12 mL/minute 
- 4,200 mL/ minute 
= 4.2 L/minute. 
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ZL. Whe rate A tang pperteicm is exgsal 10) the cat Giat IIE 
A the righ cide A the heart, which agar ss copeal 
that «A th lett side Sey, rate A perkasiam Aang = 3 
(reer peste 

4. Su, on an average, the wentilation perfusion (A890 


4 
§% ~ = O% 
3 


4. 4 trom the ventilation-perkuniom tation, we get wae 
idea ahunst matching A the viume A inspired Zs 
with that A the crcalating bhorsd in hangs. 
However, one should note that wome regional 
mivnaiching is ao present normally 
c. For example, in the apex of the lung, ventiiauon 
is les than normal but perfusion is even lower 
because A the action A gravity. 
So, in the apex, ventilation-perfusion ratio is 2% 
high as 3.3. 


b, 


ws 


| Note: This high ventilation-perfusion ratio at the apex of 


the lung increases local alveolar oxygen tension and this 


- exglzins the predilection of lung zpex for wbercullosis 


In this content, one should note that rapid and shallow 


breathing by 2 person drastically reduces alveolar — 
verstilation. For example, i tidal volume and respiratory — 


rate of 2 person are 200 mL and W/rminute respectively, 
the alveolar ventilation will be (200 - 150) 7 W = 1,500 
mL (assuming that anatomical dead space is 150 mL), 


although MV of such 2 person stands at 6 L/minute, © 


Thus, the alveolar ventilation is very much reduced. 


Conversely, it can be shown that slow and deep — 


breathing increases alveolar ventilation considerably. 
increase in depth of breathing (7 TV) is important 
during exercise for increasing alveolar ventilation. 
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» CO, (partial pressure of CO, in alveolar air) varies © 
inversely with alveolar ventilation. As the alveolar — 


ventilation increases, PCO, becomes correspondingly 
decreas, Convervesy, if alveolar ventilation decreases, 
» OD, increases proportionately (we p. 125 for alveolar 
ventilation equation). 

Thus, in apnea, P,CO, shoots up and in hyperpnea, 
(Dis washed out with decreased P,CO_, [Apnea = 
Yoppage of respiration; Hyperpnea = Increase in rate 
and depth of breathing, } 

Since CO, diffuses rapidly from alveoli to blood 
and vice versa, changes in alveolar CO, tension are 
avvriated with similar changes in arterial CO, tension. 


| VENTILATION-PERFUSION RATIO 


| Normally, the alveolar ventilation is about 4 L/minute 
‘te above). 


t 
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infection, as tuberculosis bacilli grow rapidly m O_-rich 
environment. 

d. Conversely, in the lung base, the ventilation is 
increased but the perfusion is even greater so that 
the vertilation-perfusion ratio in the lung base is 0.6. 

5, a One cause of diminution of pO, of arterial blood 
from 100 mm Hg to 95-97 mm Hg is physiological 
ventilation-perfusion inequality. 

b. In a lung area with diminished ventilation relative 
to perfusion, there is hypoxia and concomitant 
vasoconstriction. The latter response helps m 

c. Conversely, ina lung area with increased ventilation- 
perfusion ratio, there may be bronchoconsmicton 
and the ventilation-perfusion inequality is 
neutralized. 

6. Mechanism: 

4. Two local factors minimize ventilation-perfusion 
inequality. First, let us consider the effect of O, on 
pulmonary blood vessels. Hypoxia due to reduced 
ventilation causes vasoconstriction. This reduces 
perfusion of alveoli and reduces ventilation- 
perfusion inequality. 

Secondly, CO, acts on bronchial smooth muscles 
and regulates local ventilation by controlling the 
diameter of bronchioles and thereby airflow. 

Thus, when ventilation is increased compared 
to perfusion, local CO, concentration decreases. 
This causes bronchoconstriction and decreases 
ventilation. This reduces ventilation-perfusion 


inequality. 











_ One should note 


-Ventilation-perfusion mism 


_If the lung capillaries are b 


- Conversely, if there is nonve 
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that hypoxia causes vasoconstric- 
essels but in contrast, It 


— 


tion in pulmonary blood v 
dilates systemic blood vessels. 
atching becomes 


clinically important in pathological conditions. 

locked as in embolism 
there is no perfusion in the alveoli and the 
ation in the alveoli is wasted increasing the 
al dead space. The ventilation-perfusion 
a is raised to infinity (as there is no 


ventil 
physiologic 
ratio in this are 


perfusion). 
ntilation of alveoli 


due to any cause like blockage of air passage, 
an arteriovenous shunt is created in absence of 
gaseous exchange. Here, the ventilation-perfusion 
ratio becomes zero, as ventilation is absent or nil. 
These are extreme conditions with totally absent 
ventilation or perfusion in the alveoli. 
Between these extremes, both overventilated and 
underventilated alveoli are frequently present and 
often coexist. But, although pO, in alveolar capillary 
blood is diminished in underventilated alveoli, 
this cannot be compensated by the overventilated 
alveoli. This is because normal ventilation 
almost fully saturates Hb and overventilation 
cannot transfer extra amounts of O,. Therefore, in 
ventilation-perfusion imbalance, commonly we get 
low pO, or hypoxia. 


Bf FICK’S LAW OF DIFFUSION 


1. O, in the inspired air enters the alveoli and then 


diffuses across the alveolocapillary membrane into the 
pulmonary capillary blood. CO, takes the reverse path. 


. Fick’s law governs the properties of diffusion. According 


to this, 


D.A 
very ah 


Where, 

V = Rate of gas diffusion 

A = Surface area of the alveolocapillary membrane 

T = Thickness of the alveolocapillary membrane 

P, - P, = Pressure difference across alveolocapillary 
membrane 

D = Diffusion coefficient. 

. So, diffusion of gas depends on: 


d. 


Surface area of the alveolocapillary membrane: 

¢ This is as large as 80 M?’ due to multiple 
branchings and sacculations of the alveolar tree. 
This large area enables easy and quick gaseous 
exchange. 
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¢ Normally, quite 4 number of pulmon,, 
capillaries remain collapsed reducing y. 
effective surface area. But, during exercise, the. 
collapsed vessels are recruited and the effecy,,. 
surface area of the alveolocapillary membra,., 
increases. This increases rate of gas diffusion, 
In contrast, destruction of alveolar walls ;. 
emphysema or collapse of the lung reduce, 
available surface area for diffusion of gases. Thi. 
reduces rate of gas diffusion. 
b. Thickness of the alveolocapillary membrane: 
¢ It is about 0.5 pm, being constituted by th. 
alveolar epithelium, capillary endothelium ang 
the intervening layers of basement membrane 
and connective tissue. 
¢ In pulmonary edema, the thickness increase; 
due to accumulation of fluid in lung interstitium, 
¢ Also, accumulation of fibrous tissue in alveolar 
wall in fibrosis of the lung, thickens the 
alveolocapillary membrane. In both cases, rate 
of gas diffusion decreases. 


Note: During exercise, due to the increased tidal volume, 
the alveoli become overinflated and their walls become 
thinner. This increases alveolar gas exchange as surface 
area for gas exchange increases whereas thickness of 
alveolocapillary membrane decreases. Both increase 


diffusion of gases. 


c. Diffusion coefficient of gas: 
¢ It depends on two physical properties of the 
gas, solubility in the membrane and molecular 


weight. 


¢ According to Graham's law, 





ieee S 
Diffusion coefficient « ; 
V¥MW 


Where, 
S = Solubility 
MW = Molecular weight. 

¢ Diffusion coefficient of CO, is much higher 
(about 20 times) than that of O.,. That is why in 
cases of diffusion defects, arterial pO, va ues 
may be reduced due to low diffusion coefficient 
but pCO, values are unaffected. This is becuse 
diffusion of CO, is adequate in spite of diffu~.on 
defect due to high diffusion coefficient of C' 

d. Pressure difference across the alveolocapi. ry 

membrane: 

¢ The pressure gradient across the alveolocap: 4°Y 
membrane is an important factor determi: 1g 
the rate of diffusion. 

¢ In case of O,, this is about 60 mm Hg but © !S 
only 6 mm Hg in case of CO.. However, bec. 1s¢ 


| of the much higher diffusion coefficien 


‘gbout 20 times that of 0 ), both seacae ru | ¢ Whether transfer of gas will be diffusion-limited 
bout 0.25 seca | or perfusion-limited depends on the rate of 
same ume (a ulU.25 second) tobe equilibrated P 


ae f 
herween alveoli and pulmonary canjllac- | equilibration of the gas with blood. Transfer o 
pet aty capillary blood. | gases which quickly equilibrate with blood, will 
| be perfusion-limited, e.g. N,O, the well-known 


Oe pulmonary capillary blood equilibrates with _ anesthetic gas, quickly equilibrates with blood 
jveolar gases very rapidly (in 0.25 sec). This is | (in 0.1 second which is much lower than the 
pecause of high rates of gas diffusion. | pulmonary circulation time of 0.75 second). So, 
since. the normal circulation time of a red blood cell | transfer of this gas will be limited by perfusion, 
(RBC) in lung capillary is about 0.75 second, there is | i.e. itwill depend on the rate of flow of new blood 


replacing the already equilibrated blood. 


considerable safety margin regarding pulmonary gas 
. On the other hand, gases like CO, which almost 


exchange. This is especially important in ensuring 


> 


adequate pulmonary gas exchange in conditions like | never equilibrate with blood (because CO is 
exercise where the circulation becomes rapid and the _ avidly taken up by Hb resulting in very low CO 
circulation ime is shortened. | concentration in blood), maintain a diffusion 


gradient. So, the transfer is diffusion-limited. 
{ Measurement of diffusing capacity of the lungs for 
carbon monoxide (D, CO) (see p. 169). 


2. Diffusion-limited and perfusion-limited transfer of | 


gases: 
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B INTRODUCTION 


|. The lungs are located within the thorax bounded by the 
rib cage that surrounds them, the sternum in front and 
the vertebral column behind. 

2. The lungs are invested by a layer of visceral pleura which 
is continuous at the hilum with the layer of parietal 
pleura which lines the chest wall. 

3. The two closely apposed layers of pleura can slide 
easily over each other as they contain between them 

a very small amount of fluid which acts as a lubricant. 
owever, itis very difficult to separate the pleural layers. 
us, they behave similar to two glass slides with a thin 
film of water between them. The slides can be moved 
over each other very easily but it is very difficult to 
separate them. 








§ NTRAPLEURAL PRESSURE 


_ The potential space between the two layers of pleura is 
known as intrapleural space. 

_ The pressure inside this intrapleural space is known as 
intrapleural pressure. 

_ In health, the intrapleural pressure is always negative. It 
is about —5 cm of water after normal expiration. During 
peak inspiration, it falls to -7.5 cm of water. 

4. During Miiller’s maneuver (forceful inspiration with 
closed glottis), it comes down to as low as -40 cm of 
water while in Valsalva maneuver (forceful expiration 
with closed glottis), it increases to a peak of +40 cm of 
water. 

5. The negativity of the intrapleural pressure at rest is due 

to two opposing forces: 

4. The chest wall trying to expand outward due to its 
natural elasticity. 

b. The lungs tending to collapse due to elastic recoil, 
These two forces, acting in opposite direction, 
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balance each other and cause the negative intra. 

pleural pressure. 

6. Nowif, due to an injury like a stab wound, the intrapleu- 
ral space communicates with atmospheric ait, air will 
rush into the intrapleural space. As a result, the chest 
wall will expand while the lungs will collapse. 

7. Itshould be noted that at the end of normal expiration, 
the lungs contain air equal in volume to their functional 
residual capacity (FRC). 

At FRC, the outward expanding tendency of the chest 
wall exactly neutralizes the elastic recoil of the lung and 
the lungs are completely relaxed. So, this is also known 
as relaxation volume. 


fj] PULMONARY PRESSURE 


1. Intrapulmonary pressure: This is the pressure of air in 
the lung alveoli. So, it is also known as intra-alveolar 
pressure. 

2. Transpulmonary pressure: This is the difference of 
pressure between the intrapulmonary and intrapleural 
pressures (pressure difference across the lungs). 

At the end of normal expiration, intrapulmonary 
pressure is 0 cm of water. 

Thus, at the end of a normal expiration, transpulmo- 
nary pressure is 0 - (-5) = 5 cm of water. This pressure 
expands the lung acting against its elastic recoil which 
tends to cause collapse of the lung. 

It should be noted that after normal expiration, 4 
pressure difference of 5 cm of water exists also across 
the chest wall (atmospheric pressure outside the c!iest 
wall-intrapleural pressure) and this is directed inward 
toward the lung. ‘Thus, at the end of expiration, the cliest 
wall is compressed inward (toward the lung). However, 
this is balanced by the elastic recoil of chest wall which 
is directed outward. Thus, the elastic recoil of the chest 
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‘yTRAPULMONARY PRESSURES DURING RESPIRATION 


Changes in intrapleural pressure (Fig. 20.1); 

, At FRC (relaxation volume), the intrapleural 
pressure is ~5 Cm of water. 

» During inspiration, the intrapleural pressure 
heoomes more negative, reaching 4 trough of -7.5 
om of water at the end of inspiration. Then it begins 
to rise quickly with expiration and at end-expiration, 
comes back to -5 om of water. —_—_—_____” 

» Changes in intrapulmonary (intra-alveolar) pressure “ 

‘Fig, 2.2): Fig, 20.1: Change in intrapleural pressure during respiration. 

, At relaxation volume, the intra-alveolar pressure 
is “0” Le. it is at equilibrium with atmospheric air Inspiration Expiration 
I eSSUIe. 

» With inspiration, the intra-alveolar pressure falls 
(hecomes negative) due to increase in lung volume. 
Sw, air enters into the alveoli during inspiration. 

, But, 2s ais moves into the alveoli, by the end of 
inspiration, the intra-alveolar pressure returns to "C. 

4. Again, as expiration starts (usually passively), due to 
szstic recoil, the Jungs become smaller, raising the 
intra-alveolar pressure, As a result, air moves out of 
the lungs. 

« Aszir moves out, the intra-alveolar pressure returns 
15 “U" at the end of expiration. 


yous OF THE INTRAPLEURAL AND 


Intrapleural pressure (cm 4,0) 


Pressure (mmiig) 






J MUSCLES OF RESPIRATION 
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hes an be conveniently grouped as: Time 
1. Uuseles of inspiration: Fig. 20.2: Change in intrapulmonary pressure during respiration. 
z. She diaphragm: 
¢ St is the main inspiratory muscle. ¢ As they contract, they push the sternum forward 
¢ St is dome-shaped with the convexity looking (pump-handle movement) increasing the an- 
upward. teroposterior diameter of the thorax (Fig. 20.3A). 
¢ Contraction of diaphragm, by itself, is sufficient ¢ Atthe same time, the ribs also move outward like 
to carry on normal inspiration. the handle of a bucket (bucket-handle move- 
¢ Asit contracts, the vertical diameter of the thorax ment). This increases the transverse diameter of 
increases, the thorax (Fig. 20.3B). 
¢ In normal inspiration, it descends only 1.5 cm. c. Contractions of both diaphragm and external in- 
but, in deep inspiration, it can descend up to tercostals increase the volume of the thoracic cav- 
10cm. ity. This results in a drop of intrapleural pressure as 
¢ Although the diaphragm is 2 muscle of well as intra-alveolar pressure and air moves into 


inspiration, it contracts slightly in the early part | the lungs. 
of expiration sw that the process of expiration is | 2. Accessory muscles of inspiration: 
glow and smooth. | a. These are the sternocleidomastoid, scalene and 
». She external intercostals: | other strap muscles of the neck. 
¢ ‘these are muscles connecting the adjacent ribs. | b. On contraction, they lift the clavicle and sternum 
¢ the direction of the muscle fibers is downward | and increase the vertical length of the thoracic cage. 


and forward. Shey come into play during forced inspiration. 
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o Pump-handle movement 
Figs. 20.3A and B: Pump-handle and bucket- 


Muscles of expiration: 
2 Normal expiration is a passive process. The elastic 
recoil of lung deflates it, causing normal expiration. 
b. During forceful expiration, however, the internal 
intercostals and the muscles of the abdominal wall 
help in expiration. The direction of muscle fibers in 
the internal intercostals is at right angles to that of 
external intercostals, i.e. downward and backward. 


SEQUENCE OF EVENTS LEADING TO INSPIRATION 
AND EXPIRATION 


|. In inspiration, the sequence is as follows: Contraction 


of muscles of inspiration, e.g. diaphragm and external 
“ntercostals > increase in the anteroposterior, 
-ransverse and vertical diameters of the thorax leading 
-5 increase in intrathoracic volume — intrapleural 
pressure decreases — transpulmonary pressure 
increases and it expands the lung — as the lung alveoli 
expand, intra-alveolar pressure drops to negative values 
as per Boyle's law — air enters into alveoli (inspiration). 


_ Norma! expiration is passive. The sequence of events 


in expiration is as follows: The muscles of inspira- 
tion stop contracting — the intrapleural pressure and 
transpulmonary pressure come back to preinspiration 
values — the lungs deflate due to elastic recoil — as 
alveoli become smaller, intra-alveolar pressure rises 
+ expulsion of air from the alveoli to the atmosphere 


(expiration). 


Bf PRESSURE-VOLUME RELATIONSHIPS (FIG. 20.4) 


Pressure-volume relationships can be considered in 
three different contexts: 

a. In the chest wall only 

b. In the isolated lungs 





B Bucket-handle movement 


handle movments in thoracic cage during inspiration. 
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Transmural pressure (across organ) 


Fig. 20.4: Pressure-volume relationship in isolated chest wall, iso- 
lated lung and respiratory system (lung and chest wall combined). 


c. In the respiratory system (chest wall and lung 
combined). 


2. Inall the three situations, the transmural pressure in the 


x-axis is plotted against volume expressed in liters in the 
y-axis. Transmural pressure is the pressure difference 
across any structure, that is, between the inside and 
outside of a structure. 


. The curves are shown in Figure 20.4. It shows that 


the isolated chest wall is at equilibrium (transmural 
pressure is zero) at about 80% of the maximal volume 
[total lung capacity (TLC)], i.e. when the isolated 
chest wall remains free from other forces (transmural 
pressure is zero), it will occupy a position which 
corresponds to 80% of TLC. 





Ihis explains its tendency to expand at ERC. 

On the contrary, the isolated lungs are at equilibrium 

atless than 10% oF TLC, Le, when the lungs are free from 

other lorees, they will occupy a volume equal to 10% of 
rc. This shows its tendency to collapse by elastic recoil 
atl RC. 

Ihe respiratory system as a whole (lungs and chest 
wall combined) is at equilibrium at ERC, Thus, at PRC, 
rhe respiratory system as a whole will be totally relaxed 
and completely without tension (transmural pressure is 
vero). That is why FRC is called resting respiratory level, 
the curve of the respiratory system can be easily derived 
hy summating the curve of chest wall and that of the 
lung in isolation. 

Determination of pressure-volume change in an 

‘solated cat lung: 

3. Experimentally, the lungs of a cat are isolated from 
its body and kept in an airtight box. 

b. The lungs are inflated or deflated by altering the air 
pressure surrounding the lungs by a pump attached 
to the box. 

c. The volume change is recorded by a spirometer 
connected to the lungs while the air pressure in the 
box is recorded by a mercury manometer. 

d. The lungs are first inflated from a collapsed position 
to TLC and then deflated back from TLC to the 
collapsed position. 

e. Atdifferentlung volumes, pressure in the boxis noted 

when the lungs are at equilibrium with atmospheric 

pressure. In this situation, the intrapulmonary 
pressure, i.e. pressure inside the lungs, is zero. So, 
pressure in the box which is pressure outside the 
lungs, is equal to the transpulmonary pressure 

‘which is pressure difference between outside and 

inside of lungs). 

Thus, at different degrees of lung inflation and 

deflation, the transpulmonary pressures and the 

corresponding lung volumes are recorded and these 
are plotted graphically. In this way, two pressure- 
volume curves are obtained in an isolated lung. One 

's the inflation pressure-volume curve and the other 

is the deflation pressure-volume curve. 

Hysteresis loop (Fig. 20.5): 

¢ The pressure-volume curves during inflation and 
deflation of lungs do not follow the same path. 

¢ During inflation, the initial part of the pressure- 
volume curve is almost horizontal before it takes 
an upward turn. 

On the other hand, the deflation pressure- 

volume curve is uniformly curved and it follows a 

different path. Thus, there is a difference between 

the pressure-volume curves during inflation and 
deflation. It is known as “hysteresis loop’ 
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Fig. 20.5: Pressure-volume curve showing hysteresis loop in 
normal lung. Increased compliance and absent hysteresis loop in 
saline-filled lungs are also shown. 


¢ Hysteresis loop is due to surface tension forces 
of the alveoli. The nearly horizontal initial part of 
the inflation pressure-volume curve is due to the 
high surface tension in the alveoli. This implies 
that the alveoli have to overcome considerable 
amount of surface tension forces to open from a 
collapsed position. 

6. The pressure-volume curve in an intact man (the 
pressure-volume curve of the whole respiratory system, 
i.e. lungs and chest wall combined also known as the 
relaxation pressure-volume curve) can be determined 
by noting the airway pressures at known lung volumes 
when the respiratory muscles are completely relaxed 
and plotting them in a graph. 


Procedure 


The subject breathes air from a spirometer which has a 
one-way Valve just distal to the mouthpiece. When the 
valve is closed and the respiratory muscles are relaxed, the 
intra-airway pressure at that particular lung volume can be 
measured by an instrument connected to the mouthpiece. 

Alternatively, a pressure recorder placed in the 
esophagus can also record the pressure. 

The lung volume is recorded from the spirometer. From 
these data at various degrees of lung inflation, the pressure- 
volume curve of the respiratory system as a whale, can be 
determined. 

It is found that the compliance (volume change per 
unit change in transmural pressure; see below) of the 
respiratory system is less than that of isolated lung or chest 
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wall. We fatter slope of the relaxation prensure volume 
curve than that of yolatod lings or ehent wall tontiflon (0 
his. ‘This ty Quethor supported by the faet that whereas 
isolated hings have a compliance oF 200 mb/om HO, es 
compliance of lings and chost wall combined ty only t 
mbL/em tho, | 

Hhis can be mathematically proved aa tollows: 

Cat any given ling volume (1, 20.4), prosate WCrORK 
Che lings alone fy 2), pressure across the cheat wall ae ls 
DP and pressure across the respiratory system Ts P thon 
Pa P +P 


WS cw 


Now, as complianee ata given volume, ts Inversely 
proportional to transmural pressure, It follows (hat; 
1 oti 
Cy GC, Guy 

Where, © = compliance, C,, = compliance of the 
respiratory system, C, = compliance of the lung alone, © 

compliance of chest wall alone, 

That is why C,, Is less than C, or C,y. Also note from 
Vigure 20.4 that, at FRC, P, Is positive whereas P, is equal 
to P, but negative. 

This proves that, at FRC (relaxation volume), the lungs 
have a tendency to collapse while the chest wall has an 
equal and opposite tendency to expand, 


i COMPLIANCE 


1. Compliance is stretchability of the lungs or chest wall. 
Lung compliance is defined as the change in lung 
volume per unit change in transpulmonary pressure, 
Its normal value is 0,2 L/cm of HO. 

2. ‘Thus, it should be noted that when the compliance is 
high, a lower transpulmonary pressure is required to 
expand the lung. 

On the other hand, when the compliance is low (the 
lung is stiff), a greater than normal transpulmonary 
pressure (requiring more energy) must be generated to 
expand the lung during inspiration, Work of breathing 
will naturally be increased. 

Compliance can also be expressed by the slope of 

the pressure-volume curve, steeper curve meaning 
increased compliance. 
Explanation: When two curves are compared, in a 
steeper curve, the value of pressure (in x-axis) is smaller 
when corresponding values of volume (in y-axis) are 
the same in two curves. Hence values of compliance 
(AV/AP) will be higher in the steeper curve. 

Also note that a normal pressure-volume curve is 
steep at low lung volumes but gradually becomes flatter 
in the upper part (higher lung volumes), So compliance 

is higher at low lung volumes but at higher lung 
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volumes, compliance Is decreased, Thatls why pation, 

with decronied compliance take shallow breaths (ey 

ling volume) aba more rapld rate (16 Increase mings, 
volume), 

Compliance ln measured from the steep portion OL the 

prossuire volume Curve within a volume off L above th, 

nC, Le, the approximate Zone of normal respiration 

Compllance depends on: 

a, The clastle properties of the lung. The Chast, 
property depends on the presence of elastin and 
collagen {bers In the lung Ussue, More Important jg 
the disposition of these clastic fibers in lung siritay 
to the stretch knit pattern in nylon socks, This allayys 
them to be stretched with very little force. Thi. 
arrangement Increases the stretchability of lung 


~ 
a 
- 


tissue, 
b. ‘The surface tension of the fluid lining the alveoy, 


exerts a centripetal force directed toward the center 

of the alveoll tending to cause alveolar collapse. 

So, this acts against the expanding tendency or 

stretchability of lungs. So, increase in surface 

tension tends to decrease the compliance of lungs, 
If the lungs are filled with saline, it is seen that the 
pressure-volume curve obtained in this condition jg 
much steeper than that in the air-filled lungs (Fig. 20.6), 

This means that the compliance in saline-filled 
lungs is much increased in absence of surface tension 
forces (air-fluid interface is lost in saline-filled lungs 
and hence there is no surface tension). Hysteresis 
loop (mentioned above) is lost in saline-filled lungs 
where surface tension forces are eliminated. So, it can 
be inferred that surface tension forces contribute to 
hysteresis. 


on 


Note: In pathological conditions of the lungs, the 
pressure-volume curve shows changes. In fibrosis, lung 
compliance decreases and the pressure-volume curve is 
shifted downward and to the right. This is because, for the 
same change in transpulmonary pressure, the change in 
lung volume is relatively less. 

On the other hand, in emphysema, the same change 
in transpulmonary pressure increases lung volume to a 
higher value, This is because of higher lung compliance 
in emphysema. Accordingly, the pressure-volume curve 
is shifted upward and to the left (Fig. 20.6). 


G6. Specific compliance: 
a. Static compliance in a person with one lung 
becomes half that of a normal person with two 
lungs. This is because the volume change per unit 


change of pressure becomes half in a person with 
one lung. 


a al 


teres 


Dynamic compliance 


1, Static or specific compliance fails to detect obstructive disease 
Obstruction leads to slower filling of alveoli and this can be dete 


2, Dynamic compliance may be defined as the change in tidal vol 


Volume 





takes place over a normal respiratory cycle. 


_ The entry of air into lung alveoli depends on their disten 
When resistance of airway is high, as in obstructive lu 


incomplete when expiration starts, 
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of the airways, e.g, asthma, emphysema, etc. 
cted by dynamic compliance. 
ume per unit change In intrapleural pressure that 


sibility (compliance) and resistance of connecting airway. 
ng disease, entry of air is slow and prolonged and often 


Further, when respiratory rate is increased the alveolar filling time diminishes, Entry of air into the alveoli with 


high resistance is reduced and tidal volume decreases. This re 


It is to be noted that in the above condition, 


duces “dynamic compliance’ 


although dynamic compliance is said to decrease, the defect lies in 
resistance of airways rather than in compliance of lungs. 


. In small airway disease, due to presence of diseased alveoli with slow filling rate, dynamic compliance may vary 


with the frequency of respiration. Increased frequency of respiration (higher respiratory rate) reduces time for 
inspiration. This decreases filling of diseased alveoli (also called “slow” alveoli) with slow filling rate. So, tidal volume 


is decreased. 


This reduces compliance. In contrast, slower breathing, by increasing alveolar filling, increases tidal volume in 


obstructive airway disease. Compliance is also increased. 


This variation is known as frequency-dependence of compliance. It is used as an important test to detect small 


airway disease. 


>) 
Pressure 


Fig. 20.6: Pressure-volume relationships in lung disease. 
(A) Normal, (B) Emphysema, (C) Fibrosis. 


So, static compliance is volume-dependent, i.e. 
it varies with volume. In an elephant, it has an 
enormous value and in a smaller animal like a rat, 
itis much smaller although the elastic properties of 
the lung are more or less the same in both cases. 

b. To tide over this anomaly, specific compliance is 
measured. Specific compliance is static compliance 
divided by FRC. 

Thus, specific compliance 


().2 
= = L/em H,O/L (FRC = 2 L) 


= 0.1 L/em H,O/L 


Note that unit of specific compliance contains 
“liters” twice. 

c. Specific compliance is a more reliable indicator of 
the elastic properties of the lung as it is independent 
of lung volume. 

d. In emphysema, as FRC is high, specific compliance 
is less although static compliance is high. 

Compliance is low in fibrosis, respiratory distress 
syndrome. 


. One should note that whereas compliance signifies 


stretchability or expansibility of the lung, elasticity of 
lung is exactly opposite in that it tends to cause collapse 
of the lungs. 

SO, a more compliant tissue has less elastance and 
vice versa. In other words, compliance and elastance 
are inversely related. 


Bf SURFACTANT 


“ Surface tension: The molecules within a liquid attract 


one another in different directions. Within the liquid, 
these forces of attraction cancel one another. However, 
at the air-liquid interface, the surface molecules of 
the liquid are attracted inward much more strongly 
than the forces of attraction exerted between liquid 
and gas molecules at the surface. Consequently, the 
liquid molecules are under considerable tension at 
the air-liquid interface which tends to contract to a 
least possible area. This tension exerted at the liquid 
surface by intermolecular forces is known as surface 
tension. 
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Surface tension forces in the alveoli are directed 
toward the center of the alveoli and they tend to cause 
alveolar collapse, 

S Surfactant is the surface tension lowering agent found 
in the fluid lining the lung alveoli, 

© lt eonsists of the phospholipid dipalmitoylphosphati- 
dylcholine, some other lipids and proteins called SP-A, 
SP-B, SP-C and $P-D, 





© Itis secreted from type I alveolar cells, e 0 7 8» 
The type II alveolar cells contain membrane-bound 0 7 x e 5 
lamellar bodies, These are secreted into the fluid lining 0 5 . wl 
the alveolar lumen where they get converted into tubular GO = 0/ 9, 3 
myelin, This, in turn, gives rise to the phospholipids 0 009” 99 


present in the surfactant layer. 


Fig. 20.7: Molecules of surfactant are spread out over a larger surface 


area in the large alveolus, resulting in low concentration of surfactant 
1, The main function of the surfactant is to stabilize the | {n contrast, in the smaller alveolus, surfactant concentration is high. 


alveoli in accordance with Laplace's law. 
According to Laplace's law, 


* Functions of surfactant: 


way that surface tension: radius ratio, which 
is proportionate to the distending pressure. 


2T 
> — in: in). ‘j j ‘ . : 
B= R ma thin-walled spherical viscus, remains constant in different alveoli. This js 


Where, P = transmural pressure, T = wall tension further explained as follows: 
which depends on surface tension, R = radius. b. Ina large alveolus, the surfactant Is spread overa 
Now suppose, a large alveolus is connected to large surface area and its concentration becomes 
a smaller alveolus and their radii are R, and R, low. . 
respectively. Let the transmural or distending Conversely, in a smaller alveolus, the surfac- 
pressure in the large alveolus be P, while the tant molecules are spread er a smaller surface 
distending pressure in the smaller alveolus be P,. area and so their concentration is high (Fig. 20.7), 
Then, according to Laplace's law, P, = 2T/R, and P, c. In large diameter alveoli, concentration of 
= 2T/R, (T = wall tension of the alveoli). Since, R, surfactant is low > surface tension increases. 
> R, then P, > Ps Surface tension and radius of alveoli both are 
So, the smaller alveolus will blow into the larger increased — surface tension: radius ratio is more 
one. or less unchanged, i.e. the same as in an alveolus 
Mechanism of alveolar stabilization by surfactant of normal size. 
(Fig. 20.7): Again, in smaller diameter alveoli, concentra- 
a. Surfactant enables alveoli of different radii to tion of surfactant is high > low surface tension 
remain at equilibrium as the concentrations — surface tension: radius ratio is unaltered. So, 
of surfactant in different alveoli vary in such a the distending pressure which is proportionate 


In a somewhat similar way, surfactant also prevents the unequal expansion or deflation of “fast” and “slow” alveoli. 
This is more important as “fast” and “slow” alveoli are more common in lung disease than large and small alveoli. 
The “slow” alveoli expand slowly because of high resistance of communicating airway or fibrosis of the alveolar 
wall. In contrast, normal alveoli expand faster and they may be designated as “fast” alveoli. This unequal expansion of 
“slow” and “fast” alveoli causes unequal ventilation of alveoli which adversely affects gas exchange. Surfactant prevents 
this by its tendency to equalize the rate of expansion or deflation of the two types of alveoli in the following ways: 
* Whena “fast” alveolus expands rapidly, the concentration of surfactant spread over the surface of alveolus decreases. 
This increases surface tension which prevents rapid expansion of the alveoli, 
“ On the other hand, when the “fast” alveoli deflate rapidly, concentration of surfactant spread over the alveolar surface 
increases. So, surface tension is reduced, As a result, the rapid rate of alveolar deflation in fast alveoli is reduced. 
“» So, the rates of inflation or deflation of the two types of alveoli become nearly equal. This eliminates chances of unequal 
ventilation. 











LT tts 
I 
—_— 


to the surface tension: radius ratio is the 
in both types of alveoli and it enable 

remain in equilibrium, 

Thus, the surfactant helps in stabilizing 
of varying diameters, 

- prevention of collapse of alveoli: 

a. Surfactant prevents collapse of alveoli during 
expiration when the alveoli become smaller, 

b. This is because as the alveoli become smaller, the 
concentration of surfactant molecules increases 
lowering the surface tension, 

c. Thus, the surface tension: radius ratio remains 
almost the same. This, according to Laplace’s 
law, keeps the distending pressure unchanged 
and prevents collapse of the alveoli. 

_ When surfactant is deficient, the high surface 
tension of the alveoli draws fluid from the lung 
capillaries leading to pulmonary edema formation. 

. Surfactant, by reducing the centripetal force of 
surface tension in alveoli, increases stretchability 
of lungs. This causes an increase in lung compliance 
and reduces work of breathing. 

: Respiratory distress syndrome of the newborn (hyaline 

membrane disease): 

1. Surfactant secretion starts around 26th week of 
intrauterine life. It reaches normal level only at 
term. 

. In premature infants, surfactant production is 
deficient. In consequence, in these infants, the 
surface tension in lung alveoli increases. Due to the 
surfactant-depleted lung, the premature infant with 
weak muscle has to inspire strenuously against high 
surface tension which tends to collapse the alveoli. 
Collapse of alveoli (atelectasis) and formation 
of pulmonary edema caused by the high surface 
tension, have potentially fatal consequences. There 
is severe respiratory distress and this is known as 
respiratory distress syndrome of the newborn. 

Apart from deficiency of surfactant, the pulmonary 
edema in the immature lungs is also caused by the 
immature and inactive epithelial Na* channels 

'ENaCs) which normally help in absorption of Nat 

and water from alveolar lumen and keep them dry 

‘see also p. 119). 

Adult respiratory distress syndrome is a completely 

different disease entity. 
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‘¢: A deep inspiration stretches the type II 
mocytes and surfactant is secreted into the alveoli. 
‘(1S Why patients convalescing after surgery are 
‘ised to take occasional deep breaths to maintain 
‘inal concentration of surfactant in their lung alveoli. 
‘ls reduces chances of atelectasis or pulmonary edema. 


____ Chapter 20: Mechanics of Breathing 


same | [J INTERDEPENDENCE 
hs 


Apart from surfactant, interdependence is another 
important alveolar stabilizing factor. 


. The mechanism of interdependence can be explained 


from the analogy of a stretched out volleyball net. 


. If someone tries to deliberately collapse a hole in the 


net by squeezing the strings, he will feel a tremendous 
amount of force from the neighboring strings prevent- 
ing it. 


. The lung alveoli behave quite similarly. Collapse of an 


alveolus is prevented by the stretch from surrounding 
alveoli. This is known as interdependence. 


Bf WORK OF BREATHING 
i 


Breathing or ventilation, even in the resting state, 
requires expenditure of energy as the lungs expand 
against elastic recoil during inspiration and when air 
flows out during expiration against airway resistance. 
This quiet breathing entails an energy expenditure 
which is about 3% of the total energy expenditure of 
the body. 


. This work of breathing is increased in case of: 


a. Decreased lung compliance as in fibrosis of lung 
b. Decreased elastic recoil of lung, as in emphysema, 
which makes expiration difficult 
. Increased airway resistance as in bronchial asthma 
d. When the respiratory demand is increased as in 
exercise. 


Q 


Bf NATURE OF AIRFLOW AND AIRWAY RESISTANCE 
1, 


The velocity of airflow in the airways is related to two 
factors. One is the nature of airflow which may be 
streamline or turbulent. The other factor is airway 
resistance. 


. The pressure-flow relationship in airways follows 


the same principles as discussed in connection with 
Hagen-Poiseuille law applicable to blood flow (see 
p. 254). Therefore, 

V = AP.xr*/8n1 

Where, 

V = Flowrate of air 

AP = Pressure difference (driving pressure) 

r = Radius of air tube 

n = Viscosity of air 

| = Length of air tube 

If R is airway resistance 

R = AP/V = 8nl/nr' 


. It can be seen that airway resistance is inversely 


proportional to the fourth power of radius of airway 
tube but it is directly proportional to viscosity of air 
and length of the tube. Therefore, just a 50% decrease 
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in radius of the airway will cause a 16-fold tnerease in 
airway resistance 

Depending on velocity of airflow, pattern of airflow may 
be streamline or turbulent. 

Reynold's number determines whether the airflow 
is streamline or turbulent (see also p. 252). 

Reynold’s number = pDV/1) 
Where, 

» = Density of air 

D = Diameter of airway tube 
1) = Viscosity of air 

\ = Velocity of airflow. 

Turbulent flow of air occurs when Reynold's number 
exceeds 2,000. It is obvious that a higher velocity of 
airflow ora lower viscosity of air (e.g. when mixed with 
or replaced by helium) predisposes to turbulent flow. 
Normally, turbulent airflow occurs in trachea and the 
bronchi and this type of airflow is responsible for breath 
sounds. Streamline airflow is silent. 


_ In the distal airways, airflow is usually streamline. This 


is because the total cross-sectional area of the distal 
most airways increases enormously (see Weibel’s 
model, p. 117). This reduces velocity of airflow leading 
to a decrease in Reynold’s number. So, the airflow is 
streamline. 


_ Although the smallest airways have much smaller 


diameter, the collective airways resistance in the 
smallest airways is very small compared to the proximal 
larger airways (>2 mm in diameter) which contribute 
to 80% of total airway resistance. 
The reduced airway resistance in the distal smallest 
airways is due to: 
a. Reduced velocity of airflow due to very large cross- 
sectional area (see above). 
b. In the distal airways, there is profuse parallel type of 
airway branching. As a result, the airway resistance 


Dynamic compression of airways (Fig. 20.8) 
1. During expiration, air moves out from a higher pressure in the alveoli to lower pressure in the proximal airway. The 


decreases significantly. In alrways Connected , 
parallel, ifthe total airway resistance Is M then 1 
R= T/R, FAB, F/R essere where RRR ate 
resistances of the airway branchings connected ir 
parallel, This implies that K,, becomes much lower 
factors influencing alrway resistance are: | 

a, Lung volume: An increased lung volume INCTeages 
airway diameter and thereby reduces airway 
resistance. 

b. Presence of mucus and edema of airway wa) 
increase airway resistance as in bronchial asthma 

c, Lower density of inhaled gas like helium decreases 
airway resistance due to diminished viscosity ang 
this is utilized in treating severe type of bronchja) 
asthma. 

d. A decrease in airway diameter increases airway 
resistance. Vagal stimulation constricts airways 
whereas sympathetic stimulation dilates airway, 
Alteration of airway resistance occurs accordingly 

e. Cold air, smoke or dust constricts airways ang 
increases airway resistance. 

f. Chemical mediators like prostaglandin F, (PGF ) 
leukotrienes, thromboxane A,, histamine 
etc. released in response to allergens or other 
inflammation cause airway constriction and 
increase airway resistance. 


—“ 


Note: In addition to the above, two physical factors 
alter diameter of airways and thereby modulate airway 
resistance. One is transpulmonary pressure which has 
the same distending effect on airways as also on alveoli, 
As transpulmonary pressure increases, the airways dilate 
and the airway resistance decreases. 

The other factor is radial traction exerted by connective 
tissue attached to the outer wall of airways. This keeps the 
airways open and reduces airway resistance. 


values of pressure, thus, gradually diminish toward the airway opening due to frictional resistance encountered by 


the air. 


2. Since the airways are collapsible and elastic rather than rigid tubes, transmural pressure plays a significant role in 


regulating airflow. 


During forced expiration, the intrapleural pressure may rise to +20 cm of water. In alveoli, pressure may rise to 4 
value of +30 cm water. The intra-alveolar pressure is the sum of intrapleural pressure and pressure due to elastic recoil. 

But this intra-airway pressure, as mentioned above, gradually drops toward the proximal part of airway, The 
point where intrapleural pressure equals intra-airway pressure Is called equal pressure point. Beyond this point 
during forced expiration, the pressure in larger bronchi or main bronchi (the more proximal airway) falls below 
the intrapleural pressure. As a result, these larger bronchi are compressed or narrowed impeding airflow. 

Again, as the airway becomes narrow, the velocity of air increases and according to Bernoulli's principle, the lateral 
pressure drops. This leads to further compression or narrowing of the airways. So, as more effort is exerted to expel 
air, the intrapleural pressure rises and it opposes the rise in intra-alveolar pressure tending to increase airflow. 
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Thus, airflow is unchanged, This js ¢ 
independent, i.e. effort cannot increase flow of expired alr. 
as flow of expired air is effort-independet 
exhalation over a prolonged period, This 
4 Normally, the equal pressure point is located in proximal airway (bronchi or bronchioles) containing cartilages 

which resist collapse. 

—Indiseases like asthma, there is airway harrowing along with accumulation of mucus, So, the intra-airway pressure 
drops sharply in the direction away from the alveolus, during expiration due to increased airway resistance, The 
equal pressure point now Shifts inward to smaller cartilage-free airways with collapsible walls. 

As a result, these airways collapse causing air trapping. Air trapping Initially increases lung volume as well as 
airway diameter and airway resistance is temporarily decreased. But when the disease process is chronic and 
prolonged, the airway resistance progressively increases resulting in diminished peak expiratory flow rate. 

6, In emphysema, dynamic airway compression sets in much earlier because of diminished elastic recoil (which 

reduces the intra-alveolar pressure) and collapsible airways (due to loss of cartilage). Thus, obstruction to airflow 

is a characteristic feature of emphysema, 





alled dynamic compression. End-result (s that the flow of expired alr ia effort: 
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VL the patient soon learns to take rapld inspiration followed by slow 
helps him to conserve energy, 
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Fig. 20.8: Dynamic compression of lung during forced expiration 


Fig. 20.9: Flow-volume loop. The small circle represents tidal 
creating a flow-limiting segment. 


breathing while the bigger loop represents maximal respiration. 


“low-volume loop (Fig. 20.9) 


|. The effects of dynamic compression and effort-independent flow are best demonstrated in a flow-volume loop. 
Flow-volume loop is obtained when flow-velocity is plotted against volume of lung during a respiratory cycle. 
-. The flow-volume loop may be recorded during tidal breathing when a small loop is recorded. It may also be recorded 


during maximal respiratory effort when a much bigger loop is formed. The features of this bigger loop are discussed 
here. 


The nature of flow-volume loop is different in inspiration and in expiration. 


During inspiration, velocity of flow shows an initial sharp rise but as the lung volume expands, the velocity of flow 
cannot increase any further. However, velocity of flow is maintained at this high level for quite some time before it 
drops rather sharply as it reaches the end of maximal inspiration. 

. In contrast to this, during the onset of forceful expiration, velocity of flow increases sharply to a peak value but 
during the last four-fifth of expiration, flow is effort-independent and declines gradually with decrease in lung 
volume. This part of effort-independent expiration is an effect of dynamic compression of the lung. 
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In bronchial obstruction, itis easier to inspire than to 
expire. This is because the intrapleural pressure becomes 
More negative during inspiration and it pulls open or 
expands air passages, partly relieving the obstruction. 

On the contrary, during expiration, the opposite 
occurs. The increased intrapleural (transpulmonary) 
pressure required to expire air forcibly though the 
obstruction, further narrows the already obstructed airway 
and expiration becomes difficult, resulting in air trapping. 
When this persists for a long time, this increases TLC 
and RV due to inflated lung with air trapping and this is 
recorded in flow-volume loop. 


The basal part of the lung is better ventilated: 

1. Ithas been observed that the basal parts of the lung are 
better ventilated. This is a direct consequence of the 
finding that, possibly due to the effect of gravity, the 
intrapleural pressure near the base of the lung is less 
negative than that at the upper apical regions. 

. Intrapleural pressure at the base of the lung is about 
~2 cm of water. Gradually it becomes more and more 
negative toward the apex of the lungs, reaching a value 
of about -10 cm of water at the top. 

3. At rest, the intra-alveolar pressure is zero. So, the 
transpulmonary pressures at the apex and at the base 
are 10 cm of water and 2 cm of water respectively, with 
intermediate values in between. 

4. Obviously, the high transpulmonary pressure at the 
apex will expand the lung locally and the alveoli are 
of larger diameter. Conversely, the alveoli at the basal 
regions will be smaller due to the low transpulmonary 
pressure (Fig. 20.10). 

. Now, the pressure-volume curve of the lungs is steep 
at lower volumes and flatter at higher volumes. So, the 
alveoli at the bases, which have lower volumes, will 
expand more than the apical alveoli (which are already 
more expanded) per unit rise in transpulmonary 
pressure (Fig. 20.11). 

Therefore, the basal parts of the lungs are better 
ventilated than the apical parts. 

6. Another effect of gravity is greater blood flow to the 
Jungs at the basal regions. In fact, the increase in 
blood flow is proportionately greater than increase in 
ventilation in the lower parts of the lung. That is why 
ventilation-perfusion ratio is lower (about 0.6) at the 
base of the lungs. 

. Gravity has been attributed to explain the regional 
variation of ventilation and perfusion. Still, paradoxi- 
cally, astronauts in space in total absence of gravity, 
continue to show the same variations in ventilation and 
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perfusion. 
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Fig. 20.10: Alveoli become gradually bigger from base to apex =. 
intrapleural pressure becomes more negative (schematj ). " 
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Fig. 20.11: Increased value of compliance at low lung volume 
(greater volume change per unit pressure change) contrasting 
with low compliance at high lung volume. 


CLOSING VOLUME 


1. During forced expiration, the basal parts of the lungs 
begin to close as the transpulmonary pressure in ths 
region is initially low. Closing capacity is the lung 
volume at which the lung alveoli start closing during 
forced expiration. 

2. Closing capacity = Closing volume + Residual volume 
So, the closing volume is the lung volume over 4 
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above residual volume, at which the lung alveoli st 

closing during forced expiration, 

_ Importance; It is an important test of small airw 

function. 

Most of the common lung function tests indicate 
comparatively large airway function, Special tests are, 
therefore, needed to assess function of small airways. 
Closing volume determination is one such test. 

_ Determination of closing volume (Fig. 20.12): 

a. After a forceful expiration, the subject takes a deep 
breath of pure (100%) O, and then expires through 
a rapid nitrogen meter up to residual volume. 

b. Since the base of the lungs is much better ventilated 
than the apex (see above), most of the inhaled O 
goes to the base. 

c. Much smaller portion of inhaled O, goes to the apex 
and hence the gas in the apical portion of the lungs 
is relatively N,-rich. Volume of lungs 

d. During the process of forced expiration toward 
residual volume, the alveoli at the basal region 
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Fig. 20.12: Determination of closing volume. 
(CV: closing volume; RV: residual volume; CC: closing capacity; TLC: total 


of lungs begin to close when the lungs reach the | 'ung capacity; |, Il, Ill, IV are phases of the curve) 
closing volume. . . 

On further expiration, N,-rich gas from apical ¢ Phase IV: N,-rich alveolar gas 1s expired, — 
region begins to come out in increasing concentra- from the apex after closing volume is reac ~— 
Kan g. In phase I, the curve runs along the baseline as 

e. In other words, nitrogen concentration of expired expired dead space gas contains pure O, without 
| any N.. 
gas begins to rise when the alveoli at the base of the : ’ 
Soe ; In phase II, the expired gas coming out is dead space 
lung start closing, i.e. closing volume is reached. ; ea | 
This isthethedretioal badicof ihietaet gas mixed with increasing amounts of alveolar gas. So, the 
is is the theoretical basis of this test. 


N, concentration gradually increases. 
In phase III, the dead space gas is eliminated and 
now pure alveolar gas comes out. The N, concentration in 


f. Nitrogen concentration and the volume of the 
expired gas are recorded and plotted in a curve. The 


curve has four phases: expired gas remains more or less constant and that is why 
¢ Phase I: Dead space gas comes out containing the curve in this phase is almost horizontal. 
pure O,, In phase IV, N,-rich gas comes out from the apex as 
¢ Phase II: Mixture of dead space gas and alveolar | the closing volume is reached at the end of phase III. So, 
gas is expired. 


in phase IV, the curve takes an upward turn. The junctional 
¢ Phase III: Pure alveolar gas comes out, mostly | point between phases III and IV corresponds to closing 
from the lung base. volume. 


INTRODUCTION 

) According to Dalton’s law, the total pressure of a gas 
mixture is equal to the sum of partia) pressures of the 
constituent gases, If the fraction or percentage of a 
constituent gas is known, then the partial pressure of 


that gas can be caleulated from the total pressure of the 
gas Mmixiuse, 

2. Atmospheric pressure at sea Jevel is 760 mm Hy, Shis 
pressure is the sum of the partial pressures exerted 
by the individual components of atmospheric air, ©.¥, 
oxygen (O.), nitrogen (N_), ete. 

4, Partial pressures of individual gases are directly 

proportional to the percentage of gases in the gas 

minture. For example, ais approximately consists of 21% 

Q, and 79% N_, So, partial pressure of O, (pO,) 18 21% of 

76) mim Hy, ie. 10 mm Hyg, Similarly, partial pressure 

AN, in ais io 79% of 70 min Hyg, 1, 600 mm Hy, 


( 
ne should remember that although the percentages 
yf O, and other constituents remain unchanged in 
zarnuvpheric ais, the total pressure of atmospheric gases 
nay vary, ator exarople, in high altitude, ¢ yonsequently, 
the partia) pressures of the individual gases are altered, 
bor example, pO, is lower at high altitude, leading to 
wuntaineers or residents at high altitude, 


Ny punia in 
5. Although dry aumuspheric air has a pO, of 160 mm Hg, 
alveolar air has a pO, of only 100 mm Hyg, ‘This is partly 
because water vapor which exerts a partial pressure 
of 47 mim Hy mixes with inhaled dry atmospheric air 
and decreases inspired pO, to about 150 mim Hy, Thus, 
hurnidification in respiratory passage reduces pO_, 
secondly, pO, of inspired air is further reduced in the 
alveoli when omall volume of relatively ¢ ) -rich (pO, 

150 mm Hg) inspired air mixes with a large volume 
of relatively O-poor air (pO, = 100 mm Hyg) already 
alveoli. Only about 350 mL of inspired 
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bh, 
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existing in the 
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air mixes with more than 2 L of alveolar air (functiona| 
residual capacity = approximately 2 L) in each breath, 


‘This remarkable degree of dilution of inspired air in 


alveolar air of much greater volume increases the pre- 
existing low alveolar O, tension only to a very small 


degree. 


_ $0, due to these reasons, alveolar pO, remains at an 


almost constant value of only 100 mm Hg although pO, 
in inhaled dry atmospheric air is 160 mm Hg. 


, During inspiration, oxygen enters from atmospheric 


air to the Jung alveoli. From there, it crosses the 

alveolocapillary membrane and reaches arterial 

blood through which it is transported to the tissues 
throughout the body, 

As mentioned above, the pO, in dry atmospheric air is 

about 160 mm Hg but in alveolar air, this comes down to 

about 100 mm Hg, on being mixed with CO, and water 

vapor. In arterial blood, this drops slightly to 95-97 mm 

Hy and in the tissues, it is 40 mm Hg. 

Thus, as O, enters the tissues from atmospheric ai, 
the pO, falls in several steps. This is known as O, cascade 
(Pig, 21.1). 

Although alveolar O, tension is 100 mm Hg, arterial 
Q, tension is a little lower, about 95-97 mm Hg. This 
is because of admixture of venous blood with arterial 
blood, known as shunt. This admixture takes place al 
two different sites: 

a. In the lungs where bronchial venous blood mixes 
with fully oxygenated pulmonary venous blood. 

b. Inthe left ventricle where venous blood draining the 
ventricular wall itself, e.g. blood in Thebesian veins, 
mixes with fully oxygenated blood in the lumen of 
the left ventricle. 

Another cause of lower O, tension in arterial blood 

is ventilation-perfusion inequality (see p. 125). 


| 


ee 
———— 





A — Atmospheric air 

8 = Alveolar air D 
C > Artenal blood 

D —> In tissues 


(40) 
Fig. 21.1: Oxygen cascade. Figures in Parentheses 


indicate partial 
pressures of O, in mm Hg. 


1]. Partial pressure of O, in venous blood 
Oxygen content in arterial blood i 
mL. Its hemoglobin (Hb) is about 97% Saturated. 
Oxygen content of venous blood is about 14 mL/100 
mL. The Hb in this case is 75% Saturated. 
Oxygen transport to a tissue is deter 
a. Partial pressure of inhaled O,. 
b. Quantity of O, diffusin 
membrane. 
c. Supply of blood to the tissue, i.e. blood flow to the 
tissue. 
d. Amount of O, carried by blood. 
Blood flow to the tissue is determined by: 
¢ Cardiac output 
¢ Vasoconstrictor tone of blood vessels supplying 
the tissue, i.e. whether the blood vessels are 
constricted or dilated. 
Amount of O, carried by blood depends on: 
a. Amount of O, dissolved in blood 
b. Amount of Hb in blood 
c. Affinity of Hb for O 
Oxygen is transported in two forms: (i) in solution 
and (ii) as oxyhemoglobin (HbO,). 


is 40 mm Hg. 
S about 19 mL/100 


mined by: 


§ across alveolocapillary 


IN PHYSICAL SOLUTION 


About 0.3 mL of O, remains in solution per 100 mL of blood. 

‘he amount of dissolved O, varies linearly with the pO,. The 
solubility of O, in blood is 0.003 mL/100 mL/mm Hg. 

The dissolved O, can easily enter the tissues. O, from red 
»lood cell (RBC) first gets dissolved in blood before entering 
‘he tissues. Thus, O, in solution facilitates exchange of O, 
»etween erythrocytes and tissues. 

Dissolved O, plays a particularly important role in tissue 
oxygenation during hyperbaric O, therapy (administration 
of O, at higher than atmospheric pressure). At higher 
Pressures, the amount of dissolved oxygen is increased 


ygen Transport 


— 


ee 


and this, alone, can provide a large proportion of the 


lotal requirement of O,, One should note that although 
hyperbaric Oxygen increases amount of dissolved Oxygen, 
It does not Increase O, combined with Hb because Hb 
Is already 97% saturated with O,. This form of therapy is 
used in carbon monoxide (CO) poisoning, gas gangrene, 
anaerobic infections and in diseases where O, supply 
cannot be increased by other means. It is also useful in 
decompression sickness as the N, bubbles blocking blood 
vessels become much smaller due to the high pressure and 
the symptoms are relieved (see p. 163). 


Hl AS OXYHEMOGLOBIN 


Hemoglobin 


* 
+,° 


It is made up of four subunits. Each contains a heme 
moiety linked to a polypeptide (Hb contains four 
polypeptide chains). . 

Each heme contains a ferrous iron attached to a 
tetrapyrrole ring. 


Each ferrous iron can bind reversibly with one molecule 
of O.. 


* So, one Hb molecule can bind with four molecules of O.. 
Heme-Heme Interaction 


As mentioned above, one Hb molecule binds with four 
molecules of O,. When Hb combines with the first O, 
molecule, its affinity for the second O, molecule increases. 
Similarly, binding with the second O, molecule increases 
its affinity for the third QO, molecule and so on. This 
phenomenon is known as heme-heme interaction. 


It is responsible for the sigmoid shape of O.-Hb 
dissociation curve (see below). 


Explanation 


In deoxygenated Hb, the polypeptide chains (globin units) 
are bound tightly in T or tense state. When one O, molecule 
binds with this deoxygenated Hb, the bonds (salt-bridges) 
between globin units are broken. The Hb is now in a more 
relaxed state (R state) and additional O,-binding sites are 


exposed. So, the second O, molecule binds with Hb more 
easily and so on. 


Oxygen-Hemoglobin Dissociation Curve (Fig. 21.2A) 


1, The percent saturation of Hb varies with pO,. If pO, is 
plotted in x-axis against percent saturation of Hb in 
y-axis, the curve obtained is called O,-Hb dissociation 
curve. As mentioned above, it is sigmoid in shape. 

2, The curve can be divided into two parts: (i) a steep 
portion at lower pO, tension (<60 mm Hg) and (ii) a 
plateau-like flat portion at pO, higher than 60 mm Hg. 
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Figs. 21.2A to D: (A) Normal O.-Hb dissociation curve; (B) Effect of 2,3-DPG on O,-Hb dissociation curve; 
(C) Effect of temperature on O.-Hb dissociation curve; (D) Effect of pH on O,-Hb dissociation curve. 


3. At a pO, of 60 mm Hg, Hb is almost 90% saturated. 
From this point toward the right, the curve is almost 
horizontal meaning that the percent saturation of Hb 
increases very little with further increase in pO.,. 

Thus, when the pO, is 100 mm Hg, Hb is about 
97% saturated. When this pO, falls to 60 mm Hg, Hb 
saturation drops only slightly to 90%. 

So, O, supply to the tissues is more or less unaffected 
even if the pO, falls from 100 mm Hg to 60 mm Hg. This 
explains why hypoxia is absent in (a) high altitude up 
to 10,000 feet and (b) early stage of respiratory disease. 
In both the cases, pO, may fall to 60 mm Hg. 

_ Asthe pO, falls below 60 mm Hg, the O,-Hb dissociation 
curve becomes steep and the percent saturation of Hb 
drops sharply. This means that in this stage, slightest 

drop in pO, leads to remarkable desaturation and 


liberation of O,,. Indeed, unloading of O, from blood to 
tissues takes place at this part of the curve and delivery 
of O, to tissues is facilitated. 


Factors shifting the O,-Hb dissociation curve (Figs. 2! 2B 
to D): 
Several factors shift the O,-Hb dissociation curve to the 
right. These are: 

a. Increased partial pressure of carbon dioxide (pCO. } 

b. Decreased pH 

c. Increased 2,3-diphosphoglycerate (2,3-DPG) 

d. Increased temperature. 

All these factors, by shifting the O,-Hb dissociation 
curve to the right, lower the affinity of Hb for O, and thus, 
provide greater supply of O, to tissues. 

2,3-DPG is produced by glycolysis and it is abundam 
within RBCs. It binds with B-chains of Hb and this binding 
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—_agses the affinity of Nb toward 0. That is why increase 
“ + 3-DPG level shifts O.-Hb dissociation curve to the 
| ht as affinity of HO for O, is reduced. At the same time 
) guupply to tissues is increased, : 
= One should note that 2,3-DPG Increases When Hb is 
adequately saturated With O, as in high altitude, ‘This is 
neneficial because ¢,3-DPG, by decreasing affinity of Hb 
award O., increases O, availability to 0 -depleted tissues, 
~ A decrease in pH or increase in CO, tension causes a 
agheward shift of O,-Hb dissociation Curve, This helps in 
creased release of O, to tissues, This is known as Bohr 
cl "tg reased CO, concentration lowers pH and thereby 
causes a rightward shift of O,-Hb dissociation curve. When 
aH is decreased, Le. in acidosis, H* ions bind to the histidine 
“sides of Hb. This brings about a conformational change 
which decreases the affinity of Hb toward . This Causes 
sreater release of O, to tissues and thus Bohr effect is 
explained. 

In the tissues, increased CO, transfer to blood helps 
n release of O, from Hb in RBC due to Bohr effect. In the 
lungs, diminished pCO, as a result of transfer of CO, from 
blood to alveoli shifts O,-Hb curve leftward. This increases 
affinity of of Hb for O, and helps in greater uptake of O.. 

Decrease in pCO,, [H*], temperature and 2,3-DPG shift 
the O,-Hb dissociation curve to the left. | 

Increased CO tension and fetal Hb (HbF) also shift 
the O,-Hb dissociation curve to the left and increase the 
affinity of Hb for O,,. 


Hemoglobin acts as an excellent buffer for O, supply 
to tissues. This means that when pO, of arterial blood 
decreases to 60 mm Hg or when it rises to 500 mm Hg 
from its normal value of about 100 mm Hg, the supply of 
Q, to tissues remains more or less unchanged. 
~ Thisislargely due to the flatness of O,-Hb dissociation 
curve between 60 mm Hg and 500 mm Hg range. As 
his portion of the curve is flat or horizontal, percent 
saturation of Hb undergoes very little change throughout 
“1s wide range. 
Thus, at a pO, of 60 mm Hg, Hb is 90% saturated 
creas at a pO, of 500 mm Hg, Hb is 100% saturated. 
'» Shows that percent saturation of Hb remains almost 
same although the pO, has changed considerably. So, 
provides almost the same amount of O, to tissues in 
° of large changes in pO., 


“artial pressure of CO,, [H*] and temperature—all are 
‘ased in a metabolically active tissue. All these factors 
'0,-Hb dissociation curve to the right and release more 
4€n to the tissue. This helps in meeting the increased O, 

~ “land of the active tissue. In fact, this is a local regula- 
“'Y mechanism by which an “active” tissue derives extra 


; Similar effects are also seen during exercise as detailed 
Clow, 


{ 


Oxygen Supply to Tissues in Exercise 


During exercise, the increased amount of CO, produced 
in Ussues causes @ rise in pCO. Also, there Is 4 rise In 
lemperature, rise in lactic acid and rise in 2,5-DPG 

All these factors together shift O,-Hb dissociation curve 
to the right, decrease affinity of Hb for O, and increase 
supply of O , to tissues, 

During severe exercise, pO, may fall to 15 mm Hyg due 
to extraction of large volumes of O, by tissues. At this pO,, 
Hb contains only 5 mL of O, per 100 mL of blood (normal 
O, content of Hb in arterial blood at a pO, of nearly 100 mm 
Hg is about 20 mL/100 mL of blood). 

Thus, during severe exercise, O, released to tissues 
increases to (20 - 5) = 15 mL/100 mL from a normal value 
of 5 mL/100 mL of blood. 

This three-fold increase in O, release coupled with five 
to seven times increase in cardiac output in severe exercise 
leads to nearly 20-fold increase in O, supply to tissues. 

P., = It is the partial pressure of O, at which Hb is 50% 
saturated. Its normal value is about 27 mm Hg. When the 
O,-Hb dissociation curve shifts to the right, P_. increases. 
P., decreases when the curve shifts to the left. Thus, it is a 
useful indicator of O,-affinity of Hb. 


Oxygen-Binding Affinity of Fetal Hemoglobin 


Gamma (y)-chains of HbF (HbF-«.,y,) do not bind with 2,3- 
DPG. Asaresult, HbF has a much greater O,-binding affinity. 
SO, HbF causes a leftward shift of O,-Hb dissociation curve. 
(2,3-DPG and O, have an inverse relationship with regard 
to their affinity to Hb). 

The high O,-binding affinity of HbF is very useful to the 
fetus as the fetal blood can extract O, from maternal blood 
even when pO, in maternal blood is low. (The fetal tissues, 
however, have no difficulty in extracting oxygen from HbF 
as the pO, in the fetal tissues is exceedingly low). 


Some Important Parameters related to 0, Transport 


Oxygen content: It is the total amount of oxygen present 
in the blood. 
Oxygen content = Dissolved O, + 0, bound as HbO, 
Amount of HbO, depends on: 
a. Hb concentration 
b. pO, 
¢. P.. which indicates affinity of Hb for O.. 


Oxygen capacity: It is the amount of O, that can be 
maximally transported by the Hb present in the blood. 
If Hb = 15 gm%, O, capacity 
= 15x 1.34 = 20.1 mL/100 mL 


. O, content — dissolved O, 
Percent saturation = ————————_—____: 199) 


O, capacity 


ae ——— a = 








— ———— 
A —— 


Note: It should be noted that O, content in venous blood 
is as high as 15 mL/100 mL with 75% saturation of Hb. 
This serves as a large reservoir of O, which can supply 
additional oxygen during conditions of increased demand 
like exercise. Also, because of this huge reserve of O,, 
a person can live for 4-5 minutes even after complete 
stoppage of respiration and this allows time for institution 
of cardiopulmonary resuscitation. 

Again, even after venous blood releases CO, in the 
lungs, arterial blood still contains about 48 mL/100 mL of 
CO.. This CO, serves the useful function of participating 
in acid-base balance and also taking part in regulation of 
respiration (see later). 


Some important points about O, transport (summary): 
Oxygen flows along O, cascade > Atmospheric pO, (160 
mm Hg) > Alveolar pO, (100 mm Hg) — Arterial pO, 
(95-97 mm Hg) > Tissue pO, (40 mm Hg) 


Transported as physical solution: 
Its O. content is 0.003 mL/mm Hg/100 mL blood. 
Qin solution is increased in hyperbaric conditions. 
“ Hyperbaric O, therapy is used in CO poisoning, gas 
gangrene, decompression sickness, etc. 


Transported as O.,-Hb: 

“ OneHbmolecule binds 40, molecules noncovalently. 

« Heme-heme interaction. 

 O.-Hb dissociation curve—sigmoid shape. 

“ Steep part—up to pO, less than 60 mm Hg (90% Hb 
is saturated at pO, of 60 mm Hg). 

« Flat part (pO, >60 mm Hg). Hb% saturation changes 

ery little in flat part. So, no hypoxia at high altitude 
‘0 10,000 feet and early stages of lung disease 
where pO. falls up to 60 mm Hg. 

“ Steep part ideal for unloading of O, to tissue. 

« 17 pco, 7 [H’], * temperature, 7 2,3-DPG shift )- 
Hb dissociation curve to the right > 7 O, release to 
tissues. Opposite changes cause leftward shift. 

“ Two other causes of leftward shift are presence of HbF 
and CO poisoning. 

# Effects of * pCO, and 7 [H’] are known as Bohr effect 
(due to conformational change in Hb on binding of 
histidine with H’ ions). 

o 7 pCo,, 7 {H’|, 7 temperature in active tissue and in 
exercise shift O,-Hb dissociation curve to the right 
greater release of O, to tissues. 

« During exercise, O, release to tissues shows three-fold 
rise. This coupled with five to seven times increase in 
cardiac output increases O, supply 20 times. 

P_ —» pO, at 50% Hb saturation. Normal value — 26 mm Hg. 
HbF — Left shift of P., (increased affinity to O,) helps 
transfer of O, from mother to fetus. 
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Myoglobin — Single heme and polypeptide chain, 6 
dissociation curve has shape of rectangular hypertyy ? 
p, (- 5mm Hg) indicating very high affinity for 0 Stone 


O, for later release during acute hypoxia. 


Myoglobin (Fig. 21.3) 

_ Myoglobin, like Hb, is an oxygen-carrying Fe-porphi, 

pigment present in skeletal muscle. 

2. Myoglobin containing a single heme moiety, binds y: 
only one molecule of O, unlike Hb which binds wit 
four molecules of O.. | 

3, The oxygen dissociation curve of myoglobin has the 
shape of a rectangular hyperbola (cf sigmoid shape 0 
O,-Hb dissociation curve). Naturally, P., of myoglobj. 
is only about 5 mm Hg. This means that its O, affinity i 
very high and it is much higher than that of Hb. 

4. Due to this high affinity to oxygen, myoglobin eagjj, 
takes up O, from Hb in blood. However, it releases 0 ¢, 
tissues only when the local pO, falls to very low level, 
This occurs during sustained contraction of skeleta 
muscles when blood flow to muscle is almost stoppeq 


— 


Note: Myoglobin has important O, storing function. For 
example, in the cardiac tissue, myoglobin stores O, during 
diastole when there is adequate supply of O,-rich blood. 
But during systole when blood flow to the left ventricular 
cardiac tissue is greatly diminished due to systolic 
compression, myoglobin supplies the much needed 0, 
to these O,-starved cardiac cells. Similarly, myoglobin is 
an important source of O, to contracted skeletal muscle. 


5. The O, supplied by myoglobin during severe exercise, 
forms part of the alactic O, debt incurred by the bod 
(see p. 58). 


% saturation of Hb 





20 40 60 80 100 120 
pO. (mm Hg) 


Fig. 21.3: Comparison between oxygen dissociation 
curves of myoglobin and hemoglobin. 








§ INTRODUCTION 


Some important facts about carbon dioxide (CO,) transport 
are: 


+ CO,tension in arterial blood = 40 mm Hg 
+ CO,tension in venous blood = 46 mm H 


» Arterial CO, content = 48 mL/100 mL 


+ Venous CO, content = 52 mL/100 mL 


« So, 100 mL of blood transports 4 mL of CO 


7 ,{rom the 
tissues. 


This 4 mL of CO, is transported in blood in three forms: 


l. 
2. 
3, 


In physical solution—0.3 mL (7%). 
As carbamino compounds—0.7 mL (15-20%). 
As bicarbonate—3 mL (75%) 


Bl IN PHYSICAL SOLUTION 


1. 


2. 


About 0.3 mL of CO, is transported in solution per 
100 mL of blood. 

In this form, CO, remains dissolved in plasma which 
acts as a temporary reservoir. Thus, CO, from tissues 
can be stored in plasma temporarily. Conversely, CO, 


can enter from plasma into red blood cell (RBC) or the 
lungs. 


> CARBAMINO COMPOUNDS (FIG. 22.1) 


'-O, combines with NH, radicals of hemoglobin (Hb) or 
»lasma protein to form carbamino-Hb (Hb.NH.COOH) 
»' carbaminoprotein (R.NH.COOH) according to the 
Ollowing equation: 

‘ib.NH, + CO, > Hb.NH.COOH 

\.NH, + CO, > R.NH.COOH 


‘he amount of carbaminoprotein is much less 
“ompared to carbamino-Hb because the amount of 
plasma protein is only one-fourth of that of Hb. 


Carbon Dioxide Transport 





3. 


Fig. 22.1: Transport of CO, showing (1) chloride shift and 
(2) formation of carbaminohemoglobin. 


Carbamino compounds have the potential to carry 30% 
ofthe CO, formed. However, because of slowness of the 


reaction, not more than 15-20% of CO, is carried in this 
form. 


Hl AS BICARBONATE (FIG. 22.1) 


1. 


a 


This is the principal form (70%) in which CO, is 
transported. 

CO, reacts with water to form H,CO, which breaks down 
into H*and HCO,-. However, in plasma, this reaction is 
too slow to be of any importance. 


. But this reaction proceeds with much greater speed 


inside the RBC due to two reasons: 

a. Presence of the enzyme carbonic anhydrase. 

b. Presence of deoxygenated Hb—a proton acceptor. 
[Carbonic anhydrase isa zinc-containing enzyme with a 
molecular weight of 30,000. This enzyme is abundantly 
present inside RBC, in parietal cells of stomach and in 
renal tubular cells where hydration of CO, leading to H" 


and HCO, formation are key chemical steps. However, 
it is absent in plasma] 
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So, CO_ readily diffuses into RBC from plasma 


and combines with water to form HCO, whieh ts 
dissociated into HW! and HCO, inside RBC, Both these 
reactions are catalyzed by carbonic anhydrase 

Whe Ueis taken up by Hb, espectally tts deoxygenated 
form, as itis less acidic and therefore a stronger proton 
(HM) acceptor. This helps the above reaction to continue 
and more and more CO, is taken up. 


> Asthe reaction proceeds, there ts gradual accumulation 


of HCO, inside the RBC. The HCO, now comes out 
of the RBC into the plasma along the concentration 
gradient. This upsets the electrical balance of the cell 
Interior, 


—C) now moves into the RBC from the plasma to restore 


electroneutrality. This is known as chloride shift or 
Hamburger phenomenon, 


- The passage of Cl in exchange of HCO, ions takes place 


viaa Cl-HCO, exchanger protein, the band 3 protein. 


Administration of acetazolamide which inhibits 
carbonic anhydrase prevents CO, from combining 
with water and forming H,CO,, which is essential 
for HCO, formation and CO, transport. So, CO, 
accumulates in the tissues and partial pressure of CO, 
(pCO,) rises significantly often up to 70-80 mm Hg. 


Reverse Chloride Shift 


] 


I 


to 


cl 





In the lungs, the opposite sequence of reactions occurs. 
Here, the Hb is oxygenated. 


. HbO. (Hb oxygenated noncovalently or oxyhemoglobin) 


is more acidic and releases H’* ions inside the RBC. 
These H* ions combine with HCO, to form H,CO.. 

_ HCO, liberates CO, which escapes through lungs. 

. As HCO, concentration inside the RBC gets decreased 
due to the above reaction, HCO, from plasma now 
enters into RBC along the concentration gradient. 

_ In exchange of this HCO,”, Cl moves out from the RBC 
into the plasma to maintain electroneutrality. Direction 
of movement of Cl ions is opposite to that of chloride 
shift. This is, therefore, termed reverse chloride shift. 


Haldane Effect 


J 


_ Release of O,in the tissues from HbO, with formation 


of deoxygenated Hb stimulates uptake of CO, by RBC. 

This is known as Haldane effect. 

This is due to two reasons: 

a. Deoxygenated Hb is less acidic and it has a greater 
affinity toward acidic CO, as compared to HbO,. So, 
when O, is released from HbO, in tissues, the deoxy- 
genated Hb produced, readily combines with CO, to 
form carbamino-Hb and thus helps in CO, uptake. 

b. Deoxygenated Hbis less acidic and therefore acts as 
a stronger proton acceptor. SO, when O, is released 
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in tissties from HbO,, the deoxygenated Hb for, 
can mop up more FH’ and move the reaction 
CO.4+HO > TCO, > H+ HCO, 

in rightward direction. This leads to greater Uptay 
of CO, by RBC. . 


Ite 


9. Haldane effect in the lung alveoli is the opposite Hey 
Here 


binding of O, to Hb facilitates release of CO, from bio, 
ca 
to alveolar air. Binding of O, to Hb produces typ, 
which is more acidic than deoxygenated Hb. So, thy, 
releases H' ions which combine with HCO, to forry, 
carbonic acid that dissociates to form CO. In this Way 
release of CO, is facilitated as Hb binds to O,, | 
. Again, the acidic HbO, has less affinity toward cy 
which itself is acidic. So, HbO, combines with lesso, 
amounts of CO, to form carbamino-Hb. The redundap, 
CO, which now becomes free is released to alveolar aj, 
One should note that Bohr effect and Haldane effe,, 
are complementary to each other. Increase in CO, 
H* concentration causes increased release of 0. ¢, 
tissues from HbO, in Bohr effect. Again, release of ¢) 
from HbO, in tissues helps in greater uptake of CO, from 
tissues, which is called Haldane effect. 


CO, content (mL/100 mL) 


Note: H* and O, appear to compete with each other for 
binding with Hb. So, increased concentrations of CO_ 
(which gives rise to H*) and H*tend to displace O, from Hb 
(Bohr effect). Conversely, absence of O, in deoxygenated 
Hb allows greater uptake of H* or CO, (Haldane effect). 


Carbon Dioxide Dissociation Curve (Fig. 22.2) 


1. Like oxygen dissociation curve, CO, dissociation curve 
can also be constructed by plotting pCO,in mm Hg in 
x-axis against volume of CO, in mL/100 mL in y-axis. 
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Fig. 22.2: Carbon dioxide (CO.) dissociation curve showing 
greater CO, content of venous blood at lower pO, (40 mm Hg). 
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» The CO, dissociation curve varies with the 
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pressure of O,. As partial pressure of O, rises, the CO 
dissociation curve shifts to the right (Fig, 22.2). | 


- The CO, uptake from tissues would have been very small 


fora rise of pCO, tension of only 6 mm Hg from arterial 
blood (40 mm Hg) to venous blood (46 mm Hg). 

But, due to simultaneous drop in partial pressure of 
O, (from 100 mm Hg to 40 mm Hg), the CO uptake from 
tissues is almost doubled. This is due to Haldane effect 
(see above). 

As aresult of CO, transport, the venous blood hema- 
tocrit is higher. 


____ Shapter 22: Carbon Dioxide Transport 


Se 


partial | Causes of increased hematocrit of venous blood: 
|. As an effect of CO, transport from the tissues, number 


of osmotic particles (Cl or HCO, ) inside RBC in the 
venous blood is significantly greater than that of arterial 
blood, So, the RBCs in venous blood, due to greater 
osmolarity, imbibe more water and increase in size. This, 
in part, leads to increased hematocrit of venous blood. 


. Also, a part of the fluid coming via the arteries is 


drained via the lymphatics bypassing the veins and, 
therefore, the venous blood gets concentrated. This 
also contributes to the increased hematocrit of venous 
blood. 











B INTRODUCTION 


Neural control of respiration is exerted by the respiratory | Medullary Centers (Fig. 23.1) 
centers in the brain and the various receptors present in 
the body influencing respiration. 


§ DUAL CONTROL OF RESPIRATION 


Respiration has dual control—voluntary and automatic. 
1. The cerebral cortex exerts voluntary control on 


~ 
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respiration through corticospinal fibers. These fibers 
bypass the pontomedullary centers responsible for 
automatic control of respiration and directly descend 
to the spinal cord. There, they relay with lower motor 
neurons which supply the muscles of respiration. This 
voluntary control is needed during willed respiration 
as found in activities like talking, singing, whistling, 
etc. 

Automatic control is exerted by the pontomedullary 
respiratory centers which enable smooth and uncon- 
scious execution of respiratory activities even when 
there is no voluntary effort. 


_ Ondine’s curse: 


a. Rarely, due to a neurogenic lesion in medulla, the 
respiratory centers involved in automatic control 
are damaged. 

b. This results in loss of automatic breathing. The 
affected person has to consciously continue his 
breathing and cannot even sleep. 

c. This is called Ondine’s curse termed after a Greek 
mythological character who lost the power to breathe 
automatically as a punishment for committing 
adultery. Neurogenic lesion in medulla — loss of 
automatic control — breathing by conscious effort 


(Ondine’s curse). 


Neural Regulation of Respiration 


I 


B AUTOMATIC CONTROL 


1. The medulla contains two groups of neurons, dorsal 


respiratory group (DRG) and ventral respiratory group 
(VRG). 
a. Dorsal respiratory group: Longitudinally, DRG is 
spread over one-third of medulla. DRG is situated in 
or near nucleus tractus solitarius (NTS). It receives 
sensory input from chemoreceptors, pulmonary 
stretch receptors, etc. (see below). It supplies the 
muscles of inspiration, e.g. diaphragm and external 
intercostals via inspiration-related neurons (‘T’ 
neurons). 
b. Ventral respiratory group: It consists of three main 
areas: 
¢ The rostral VRG, also known as BOtzinger 
complex, is concerned with forced expiration 
along with the caudal VRG (see below). 

¢ The intermediate VRG consists of the pre- 
Bétzinger complex, nucleus ambiguus 
and nucleus para-ambigualis. It supplies 
pharynx, larynx and other structures through 
glossopharyngeal and vagus nerves. This helps 
in dilatation of upper part of respiratory tract 
during inspiration. Also, it stimulates inspiratory 
neurons located in medulla and spinal cord. The 
rostral portion of intermediate VRG contains the 
pre-Bétzinger complex which is believed to take 
part in respiratory rhythm generation. 

¢ The caudal VRG (nucleus retroambigualis) 
supplies the accessory muscles concerned with 
forced expiration, e.g. abdominal muscles and 
internal intercostals, via expiration-related 
neurons (“E” neurons). 


- a Sta: Chapter 23; Neural Regulation of Respiration 
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corresponding , a 2 espiration have also been shown. A. Above the pons, B. Midpontine level, C. Pontornedullary junction, 
D. Below the medulla. 1, Botzinger complex (rostral VRG), 2. Pre-Bétzinger complex, 3. Intermediate VRG, 4. Caudal VRG. 

(DRG: dorsal respiratory group; VRG: ventral respiratory group) 


9. The pre-Botzinger complex contains neurokinin-1 
(NK-1) receptors which are activated by substance P Its 
role in generating respiratory rhythm is proved by the 
fact that toxins against NK-1 receptors disrupt normal 
respiratory activity. 

3. DRG receives several inputs from the periphery, which 
may alter its activity. These are: 

a. Afferentimpulses from carotid and aortic bodies, i.e. 
the chemoreceptors, carried by glossopharyngeal 
and vagus nerves respectively. Hypoxia, hypercapnia 
and acidosis stimulate respiration through them. 

b. Afferent impulses from the pulmonary stretch 
receptors, carried by the vagi. Increased stretch 
in alveolar wall inhibits inspiration through these 
receptors (see Hering-Breuer reflex). 

c. Afferent impulses from the reticular activating 
system (RAS). Normally, activated state of RAS 
during wakefulness stimulates respiration. On 
the contrary, diminished activity of RAS in sleep 
depresses respiration through DRG. 


Inspiratory Ramp Activity 


The neural signal for inspiration gradually and slowly 
increases to a peak value. Then it suddenly stops and 
remains stopped for some time before the next inspiration 
begins. This type of neural signal is called “ramp” activity. 
Due to this type of ramp-like activity seen in the lungs, the 
lung inflates gradually during inspiration up to a limit. 
Then expiration starts suddenly with passive deflation of 
lungs due to elastic recoil. Alteration of the “slope” and 
termination of the ramp activity can regulate the rate and 
depth of breathing. 


i PONTINE CENTERS 


1. Pneumotaxic center: This is situated in the upper 
half of the pons, close to the K6lliker-Fuse and medial 
parabrachial nuclei. 

Pneumotaxic center sends inhibitory impulses to the 
apneustic center and shortens inspiration. This makes 
respiration relatively shallow and more rapid. 

The exact function of pneumotaxic center is un- 
known. However, this center presumably has a role in 
the switching between inspiration and expiration. 

2. Apneustic center: The existence of specific collection 
of neurons forming this center has not been proved. 
However, this center, when stimulated, is supposed to 
prolong the duration of inspiration while reducing the 
respiratory rate. The pneumotaxic center and the vagal 
inputs inhibit this center at the peak of inspiration and 
expiration follows passively. 


Classical (Old) Concept of Respiration 


1. The excitatory discharge from apneustic center together 
with direct excitatory stimulus of CO, stimulates the 
inspiratory center and inspiration takes place. 

2. Activity from the apneustic center simultaneously 
excites the pneumotaxic center. The activated pneu- 
motaxic center now inhibits the apneustic center. This 
inhibitory effect is strengthened by inhibitory impulses 
coming to the apneustic center via the vagal afferents 
from inflated lung. As a result of these inhibitory inputs, 
the apneustic center stops sending excitatory impulses 


to the inspiratory center and expiration follows pas- 
sively. 
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Section 4: Respiratory System 
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*. As the apneustic center stops its activity, it no longer 





stimulates pneumotaxic center. This center now 
becomes inactive and its inhibitory effect on apneustic 
center ceases. Also, as the lungs are now no longer 
stretched by inflation, impulses via vagal afferents 
from lung do not inhibit the apneustic center. So, the 
uninhibited apneustic center once again resumes its 
excitatory effect on inspiratory center and inspiration 
takes place once again. In this way, the respiratory cycle 
of alternate inspiration and expiration continues. 


Bf EFFECTS OF TRANSECTION AT DIFFERENT LEVELS (FIG. 23.1) 





1. Amidpontine transection with the vagi cut, eliminates 
the inhibitory influences of both pneumotaxic center 
and the vagi on the apneustic center. Now, the 
uninhibited action of the apneustic center results in 
apneusis—a state of inspiratory spasm. 

. Transection above the pons has no effect on respiration. 

. Transection below the medulla causes stoppage of 
respiration and it is incompatible with life. 

4. In transection at pontomedullary junction, respiration 

is maintained with slight irregularity. 
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Some cardinal points about neural regulation of 
respiration (Summary): 
« Voluntary regulation occurs via fibers along 
corticospinal tract ending on spinal cord motoneuron. 
«+ Automatic control via pontomedullary respiratory 
centers. 
« Loss of automatic control — Ondine’s curse. 


Medullary respiratory centers—DRG and VRG: 

DRG has “I” neurons: It is located near NTS; receives 
afferents from carotid and aortic body, pulmonary stretch 
receptors and RAS. 

VAG has “I” and “E” neurons; supplies accessory 
muscles of expiration and contains pre-Botzinger complex 
which may be the respiratory control pattern generator. 

Pontine centers—pneumotaxic and apneustic. 

Apneustic center in lower pons induces prolonged 
inspiration. 

Pneumotaxic center in upper pons is situated close 
to Kojliker-Fuse and medial parabrachial nuclei; inhibits 
apneustic center and makes respiration shallow and rapid. 


Transections: 

Midpoptine transection with vagi cut — apneusis. 
Transection through pontomedullary junction — slight 
irregularity. 

Transection above the pons — no effect. 

Transection below medulla — stoppage of respiration 
and death. 
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| P MODERN CONCEPT oF RESPIRATION (1 HG. 23, 2) 


1. In this theory, three pools of neurons are post, lated y 
control respiration. 

2. Pool A neurons innervate the inspiratory muscles, 
the same time give a collateral input to pool B rie, Ion 
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Fig. 23.2: Modern concept of respiration. 


Modern concept: 


Pool A neurons receive input from central and peripheraj 
chemoreceptors, innervate inspiratory muscle and give 
collaterals to pool B neurons. 

Pool B neurons receive vagal inputs from pulmonary 
stretch receptors and stimulate pool C neurons. 

Pool C neurons receive input from pneumotaxic 
center and form inspiratory cutoff switch (ICS). When ICS 
activity crosses a limit, inspiration ceases and expiration 
Occurs. 

Ablation of pneumotaxic center or stimulation of 
chemoreceptor — threshold of ICS raised — 7 inspiration. 

Pulmonary receptors include stretch receptors 
supplied by slowly adapting myelinated vagal fibers. On 
stretch by inspiration, it reflexly cuts short inspiration 
(Hering-Breuer inflation reflex). 

Irritant receptors, supplied by rapidly adapting 
myelinated fibers, cause coughing, bronchoconstriction, 
hyperpnea and mucus secretion in response to irritant 
gases like smoke, SO.,. 

J receptors supplied by unmyelinated C fibers, 
cause apnea followed by hyperpnea, bradycardia, 
hypotension in response to capsaicin, overinflation of 
lungs, pulmonary edema or embolism. 

Chest wall receptors help in assessing lung volume 
and determine termination of respiration. 











, Chapter a3: Neural Regulation of Respiration 


Poot A rerons receive excitatory Inputs from both 
central and peripheral chemoreceptor afterents. 
rw B mewrons Tecewve vagal inputs from Pulmonary 
cereted: receptors, They stimulate | 


ee Pool C neurons, 
whicd also receive stimulatory input from Preumotaxic 


HRT 
: ius! Caves he ICS When its activity Surpasses a limit, 
opgnration ceases and expiration follows, 
~ When the preumotanic center is ablated or the 
emorecepxears are stimulated, the threshold point of 
WS is raised resulting in increased Inspiratory activity, 


urernative Theory (Fig. 23.3) 


sa his Theary, it is hypothesized that three types ofneuronal 
souls pertaining to control of respiration exist. One is the 
seal inspiratory activity (CIA) neurons which stimulate 
cagpiration via their connections with the muscles of 
agniration. 

“The CLA neurons stimulate integrator neurons which, 
“+ pum. activate the inspiratory off switch (IOS) neurons. 
The JOS neurons, when stimulated, turn off inspiration by 
-shibiting the CIA neurons and terminating the inspiratory 
mp activity. This results in onset of expiration which 
recurs passively. 

Several excitatory and inhibitory inputs converge on 
-he integrator neurons. 

The excitatory inputs include inputs from (a) the 
cerebral cortex, (b) the pneumotaxic center, and (c) the 
cungs Via vagal afferents. 

The inhibitory input to the integrator neuron comes 
tom the apneustic center. 

From the above, it can be deduced that: 

| Sumulation of pneumotaxic center excites the 
\ntegrator neurons and thus activates the IOS neurons 
which cut short inspiration and expiration follows. 
Thus. they are concerned with switching of inspiration 
to expiration. 

- ymilarly, when the lungs are inflated fully, the vagal 
aterents arising from the lungs are activated and they 
imately simulate the IOS neurons via the integrator 
neurons. Thus, they have an inhibitory effect on 

nspirauon as they inhibit CIA neurons. 
1 the other hand, the apneustic center inhibits 

J) neurons due to its inhibitory effect on integrator 

Urons. So, stimulation of apneustic center causes 
“o.onged inspiratory activity. 

‘Ss observed that when bilateral vagotomy is 

ne along with midpontine transection, a state of 
-neusis develops. This is because now a state of 
Spiratory spasm (apneusis) occurs as activity of 
neustic center coexists with absence of all three 
<itatory inputs to the integrator neurons which cause 
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Fig. 23.3: Alternative theory of control of respiration. 


inhibition of respiration. These absent inputs are from 
(a) pneumotaxic center (it lies in the upper pons), 
(b) the cerebral cortex due to midpontine transection, 


and (c) afferents from the lung due to bilateral vagal 
transection. 


5. When vagotomy is done in an anesthetized dog, there is 


abolition of excitatory inputs to the integrator neurons 
from the cerebral cortex (due to anesthesia) and the 
lungs (due to transection of vagal afferents). As the 
IOS neurons are no longer stimulated, CLA neurons are 
not inhibited. As a result, onset of expiration is delayed 
and respiration becomes slow and deep (the effect of 
pneumotaxic center is overridden in this case). 


The receptors involved in neural regulation of 


respiration are as follows: 


Pulmonary Receptors 


1. Stretch Receptors 

a. These are situated in the smooth muscle layer of the 
small airways and they are sensitive to stretch. They 
are supplied by slowly adapting myelinated vagal 
fibers. 

b. When they are stretched by inspiration, they activate 
a reflex which cuts short the duration of inspiration 
and prolongs the duration of expiration. This is 
called Hering-Breuer inflation reflex. 

c. The reflex is caused by vagal afferent impulses from 
these receptors, which inhibit the pontomedullary 
inspiratory centers. 

d. However, in adult man, this reflex is not prominent 
unless the tidal volume is about 1-1.5 L. So, it may 
have some role during exercise. 

e. The Hering-Breuer inflation reflex, by limiting depth 
of inspiration, keeps the respiratory excursions 
of lung at lower volume. We have seen from the 
pressure-volume curve that in low lung volumes, 
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lung compliance is higher and so work of breathing 
is less. Thus, the Hering-Breuer inflation reflex helps 
in decreasing work of breathing, 

In Hering-Breuer inflation reflex, inflation of the 
lungs reflexly cuts short the duration of inspiration. 
However, in Head's paradoxical reflex, inspiration 
stimulates further inspiration. The utility of this 
apparently paradoxical reflex is best observed 
during aeration of fluid-filled lungs at the time of 


birth. 


_ Hering-Breuer deflation reflex is just the opposite 


of Hering-Breuer inflation reflex. In it, deflation of 
lungs reflexly prolongs inspiration and reduces the 
duration of expiration. This reflex may be active in 
cases of atelectasis (collapse) of lungs. 


2. Irritant Receptors 
a. Situated in the mucosal lining of the large airways, 





these receptors are innervated by the rapidly 
adapting myelinated vagal afferents. 


_ They are stimulated by irritant chemicals like 


SO,, smoke, etc. which reflexly or by a direct, 
local effect cause bronchoconstriction, coughing, 
secretion of mucus and hyperpnea. The reflex is 
mediated by parasympathetic nerves which cause 
bronchoconstriction. 


3. J Receptors 


d. 


These are situated in close proximity to the 
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c, The responses reflexly produced include i 
followed by rapid, shallow breathing, brady, 
and hypotension. 

d, These responses are also obtained after intray 
injection of substances like capsaicin and this x, 
is called pulmonary chemoreflex (cf. Coron 
chemoreflex, p. 213). 

e, These receptors may mediate the dyspneic sengar, 
associated with left heart failure. ™ 
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Chest Wall Receptors 
a. These comprise the joint receptors, Golgi tendon Organ. 


and muscle spindles in the muscles of respiration, ¢, 
intercostals and abdominal muscles. Muscle spindle. 
are relatively sparse in the diaphragm. 


_ They help in assessing lung volume and may determin, 


the termination of respiration. However, they haven — 
direct role in control of respiration. 


. In cases of obstruction to respiratory movement, es 


increased airway resistance or diminished pulmonar; 
compliance, the muscle spindles in muscles of respirz. 
tion help in increasing force of respiratory muscle con- 
traction. This is due to increased Ia afferent discharg- 
caused by increased y-discharge. 


. They also play a role in decreasing distortion of ches: 


wall during inspiration in neonates who have soft anc 
compliant rib cage. 


pulmonary capillary vessels and are innervated by 
nonmyelinated C fibers. 

b. They are stimulated by overinflation of lungs and 
probably also in pulmonary edema or pulmonary 
embolism. 


Central and Peripheral Chemoreceptors 


Though they mediate neural reflexes, they are part 0! 
chemical control and they are discussed in the following 
chapter. 
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J INTRODUCTION 


respiratory stimulation, e.g. Kussmaut’s breathing in 


. diabetic ketoacidosis. 
We have seen that neural regulation controls respiration 
| | | 6. Hypoxi ittle sti 
through respiratory centers in the brain and various Tecienees Gone Fae Sete ana 
reflexes mediated through receptors in lungs, chest wall, it depresses respiration Hypoxia aie a 
etc. However, respiration is also powerfully controlled by peripheral chemoreceptors and thereby sacelens 
chemical stimuli. This is known as chemical control of respiration . 
respiration. 7. The peri heral ch t 
1. Chemical control is mediated by the central and ane nore bodies (Pig. 241) — 
peripheral chemoreceptors which are stimulated DY | 9. the earad bodies ee hie following features: 
changes in partial pressure of O, (pO,), partial pressure a. They are located close to the bifurcation of common 
of CO, (pCO,) and pH. 


carotid arteries. 


2. The central chemoreceptors are situated in three groups 
in the ventral aspect of the medulla close to, but distinct 
from the respiratory centers. 

3. Carbon dioxide (CO,) tension has profound effect 
on respiration. Increased arterial CO, tension causes 
hyperventilation while lowered arterial CO, tension 
decreases ventilation. The main regulatory action of 
CO, is exerted through the central chemoreceptors. 
However, it should be noted that it is the H* concentration 
in the brain interstitial fluid produced by the hydration 
of CO, (see below) that really regulates respiration by 
acting on central chemoreceptors in the medulla. 
the diffusible CO, can easily pass from the blood vessels 
0 the brain interstitium. There, it gets hydrated to 
‘roduce H,CO, which dissociates into H* and HCO,- 
ons. Thus, the brain interstitial H* ion concentration 
1 Close vicinity of the central chemoreceptors is 
‘‘oportionate to arterial CO, concentration and it 

fectively regulates respiration. However, the H’* ions 
| the blood themselves cannot cross the blood-brain 
arrier easily and they have no direct effect on central 
-hemoreceptors. i 
in ac idosi ver, H* ions 
- soiladis Han pattehoest aaa and cause | Fig. 24,1: The carotid and aortic baroreceptors and chemoreceptors. 
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b. They are composed of type | and type I cells. Type 
1 cells (glomus cells) are Q,-sensitive, On being 
stimulated by hypoxia, they can excite neurons 
arising from them by secreting chemical transmitters, 
probably dopamine. Type II cells provide support. 

c. The neurons arising from type I cells of carotid body 
are 2-5 jum in diameter and they are branches of 
glossopharyngeal nerve, They ultimately connect 
with respiratory centers and stimulate respiration 
in response to hypoxia. 

d. The carotid body has the highest blood supply in 
the body. This is about 2 L/100 g/min. Therefore, 
its O, requirement is easily met from the dissolved 
O. alone. That is why it is insensitive to hypoxia in 
anemia or carbon monoxide (CO) poisoning where 
the arterial O, tension and quantity of dissolved O, 
are normal. 

e. However, carotid body is stimulated by hypoxia of 
hypoxic, stagnant and histotoxic types (see p. 157). 

In hypoxic hypoxia, the arterial pO, is low. So, 
delivery of O, to glomus cells is low. In stagnant 
hypoxia, vascular stasis reduces the amount of 
oxygen reaching the glomus cells. In histotoxic 
hypoxia caused by cyanide, O, utilization of glomus 
cells is absent. So, in all these conditions, the O,- 
sensitive glomus cells of carotid body are stimulated 
by hypoxia. 

The carotid body is also sensitive to hyperkalemia, 
which causes the increased respiratory drive in 
exercise. 

(Note: Plasma K* concentration rises in exercise). 

f. When stimulated by hypoxia, carotid body increases 

the respiratory drive by stimulating the respiratory 

centers, Aortic body, which is the other peripheral 
chemoreceptor, probably plays a minor role, if any, 
in chemical regulation. 

In carotid body, hypoxia closes O,-sensitive 

K*-channels. This decreases K* exit and causes 

depolarization of the cell. This, in turn, leads to 

opening of Ca** channels. Ca** enters into cells 
causing discharge of transmitters and firing of 
neurons. 
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: SHORT- AND LONG-TERM EFFECT OF HYPOXIA 
ON RESPIRATION 


L 


Hypoxia acts through peripheral chemoreceptors 
and stimulates respiration to restore the deficient O, 
supply. But, this compensatory effort is short-lived as 
the hyperventilation washes out CO, and this depresses 
respiration. 

So, as a short-term measure, correction of hypoxia 
through chemoreceptors is not very efficient. 
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Ventilation 
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2. However, Ifthe hypoxia is chronic, adequate compere, 


tion does take place due to two reasons: 

a, The depressed respiration following washoi, 64 
acidic CO, 1s due to respiratory alkalosis with 
reduced H’ ions in the brain interstitium. 

But in chronic hypoxia, this state is reversed sl; 
with pumping out of HCO, ions from the brain, jp, 
terstitium. As a result, the pH in the brain intergy 
tium returns to normal. (Some say that pH returns 
to normal due to pumping of H’ ions into the brain 
interstitium). 

As the respiratory alkalosis is no longer presen; 
hypoxia, acting unopposed, stimulates respiratigg, 

b. The respiratory alkalosis is also corrected slow}, 
by the kidneys which excrete HCO,. This als, 
increases the respiratory drive as the depressiy. 
action of alkalosis on respiration is eliminated. 


EFFECT OF HYPOXIA ON VENTILATION 
(FIG. 24.2 AND FLOWCHART 24.1) 


In hypoxia, when pO, is between 60 mm Hg and 100 mm 
Hg, its stimulatory effect on ventilation is not prominent 
because: 

a. The CO, washout and consequent hypocapnia as 


a result of initial hyperventilation (due to hypoxia) 
reduces the respiratory drive due to alkalosis. 


_ Rise in deoxygenated hemoglobin (Hb) in presence of 


lowpO, leads to alow H" concentration as deoxygenated 
Hb is a weaker acid than HbO.,. The rise in pH (lower H- 
concentration) due to this also diminishes respiratory 
drive. 
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Fig. 24.2: Effect of hypoxia on ventilation. 
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Flowchart 24.1: Partial pressure of O, (pO,) between 60 mm Hg 
and 100 mm Hg has little effect on ventilation (Mechanism), 


Hypoxia with pO, between 
— 60-100 mm Hg 


t DeoxyHb which is 
a weaker acid 


CO, washout 


Respiratory alkalosis Reduced ventilation 
Ventilation not 
appreciably stimulated 


However, as pO, falls below 60 mm Hg, the stimulatory 
effect of hypoxia on respiration becomes strong enough to 
override the above-mentioned effects and finally causes 
increased ventilation. 

The failure of pO, between 60 mm Hg and 100 mm 
Hg to stimulate ventilation apparently goes against the 
processes of correcting hypoxia. But, this has very little 








Initial hyperventilation 
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When ventilation is reduced, CO, produced in 
the tissues is insufficiently removed. This leads to 
accumulation of CO, in tissues and arterial blood. This 
condition is called hypercapnia. 

On the other hand, hyperventilation or overbreathing 
causes elimination of CO, in greater amounts than its 
rate of production. ‘This lowers CO, content of tissues 
and blood and the condition is called hypocapnia. 


. The above facts are the effects of ventilation on CC ), 


tension. In contrast, the effect of CO, on ventilation is 
exerted mainly through medullary chemoreceptors. 
Hypercapnia leads to hyperventilation which tries to 
washout the excess CO,. 


. CO, in inspired air is normally negligible. But, if the 


inspired air contains CO, in increased amounts, PCO, 
and PaCO, rise leading to hyperventilation which 
increases in a linear fashion with increase in alveolar 
CO, tension. As a result of hyperventilation, CO. is 
washed out and PCO, falls. 
However, if CO, in inhaled air exceeds 7%, hyper- 
ventilation fails to eliminate all the CO.. It begins to 
accumulate ultimately resulting in CO, narcosis. This 
is a condition characterized by central nervous system 


(CNS) depression, confusion and this may progress to 
coma. 





practical significance because % saturation of Hb is as high Continual elimination of CO, through an appropriate 
as 90% even when pO, is only 60 mm Hg and so the supply | @pparatus is needed in a closed environment as in a 
~ of O, to the tissues is adequate. submarine, to safeguard against high pCO, which may 
_ lead to CO, narcosis. 
_ Hypoxia initially produces slight hyperventilation 
indirectly by increasing the sensitivity of chemoreceptors 4, a. Chronic hypercapnia and hypoxia often coexist as 


to CO,. Only when pO, is less than 60 mm Hg, decreased 
pO, directly stimulates respiration. 





__~ TEFFECT OF CO, ON RESPIRATION 


|, The amount of alveolar ventilation determines FCO, 
(alveolar CO, tension). The reverse is also true, 

The inverse relation between alveolar ventilation and 

PCO, is depicted by the alveolar ventilation equation, 





PCO Veo, 
A 2 
Where, ‘ 
CO, = Alveolar CO, tension 
V_,, = Volume of CO, produced in unit time 
V, = Alveolar ventilation. 

As CO, freely diffuses through the alveolocapillary 
membrane, P,CO, (alveolar CO, tension) and PaCO, 
(arterial CO, tension) are almost equal. So, we can 
write, PaCO, a V_.o,/V,. therefore, reduced ventilation 
Causes hypercapnia (? PaCO,) and hyperventilation 
produces hypocapnia (1 PaCO,). 





in some cases of chronic bronchitis. 

b. Here, the respiratory centers become insensitive to 
CO, due to chronic exposure and hypoxia is often 
the sole stimulus to respiration (see also p. 163). 

c. In such cases, O, should be very cautiously 
administered, as it eliminates hypoxia which is the 
only respiratory drive, Thus, O, administration in 
these cases, if not monitored carefully, may cause 
respiratory arrest. The mounting hypercapnia 
cannot stimulate respiration, On the contrary, this 
hypercapnia depresses respiration. Eventually the 
patient may die, 


5. When there is hypoventilation, rises in pCO, and [H'| 


are immediate. On the contrary, fall in pO, however, 
is much slower because O, has a large reservoir in the 
form of oxyhemoglobin (oxyHb). For these reasons, 
change in pCO, is a more sensitive indicator of 
ventilation. 


). Again, the rise in pCO, in hypoventilation promptly 


stimulates respiration by acting on chemoreceptors 
and counters the decreased ventilation by negative 


156 





section &: Respro Stem 


eg vn vorniting, the low H’ ion concentration depress 
resreDon This bypoventilznon leads to 2ccumulation of 
acstic CO. Sa, the pH drops and itis restored to normal. So, 
“he effect of pH on respiration tends to compensate acid: 
base imbalance 


CO. indirectty stimulates the peripheral chemoreceptors 
by increasing H- concentration of plasma. 

One should note that when pCO, rises, the immediate 
_--ezye in ventilation is due to the action of increased 
_oncentration on peripheral chemoreceptors. This 
‘lowed, efter some time, by the direct and more 
rycen! simulatory effect of CO, on respiration via central 


(DENIAL IONS 


ie theck On the contrary, fal in pO, up to 60 mm Hg § BREATH HOLDING a | 
(enen a normal value of 100 mm Hg) does not iA canna withhold respira Me ee .  (ntg 
Veritistson.  Pipeath) for more chan 2 limited Peres ite og 
i Thus it is pOO, which accurately regulates ventilation strong voluntary The pomt rte which he:, 
and pO. is maintained passively as an accompanyiné forced to resume ee aie 
event in spite of the fact that pO, is much more 2 This is due to the effect hyporia ang 
EeTEpPOr Tare needs of the body yercapnia. | 
EFFECT external O supply to meet the continuing 0, cog 
in nonrespiratory acidosis, the excess H ions acting oF "develops in al ice of verttilation as Cr 
the peripheral chemoreceptors, Cause hyperventilaion an ase : ‘cation is not expelled 


eas ior O. inhalation 

3, This is proved by the fact that prior O, inhalation o 
hyperventilation (which reduces CO. level) prolong; 
breath-holding ume- 

4. However, psychological or mechanical factors may as, 
play 2 role. 

5. Recent studies suggest that sustained contractior 
of diaphragm needed for prolonged breath holding 
ultimately gives way at a certain point which is the 
breakpomL 


§ VOLUNTARY OVERBREATHING 


short periods of shallow breathing until the breathing 
ultimately becomes normal. This ts known as period 
breathing. 

Z. Voluntary hyperpnea induces CO, washout This results 
in reduced CO, tension which causes apnea. 

3. The hypoxia caused by apnea evokes the few shallow 
breaths which eliminate the hypoxia itself, with 
reversion to apnea. As pCO, is still below normal. it has 
no effect. / 

4. This goes on for a few cycles until the pCO, becomes 
normal and normal breathing is restored. 


ne 
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HYPOXIA 


1. Hypoxia means decreased oxygen (O,) availability to 
the tissues. This term should be distinguished from 
hypoxemia which means diminished O, in the blood. 

2. Hypoxia can be classified into four types (Flowchart 
25.1 and Fig. 25.1): 

a. Hypoxic hypoxia 
b. Anemic hypoxia 

c. Stagnant hypoxia 
d. Histotoxic hypoxia. 

3. In only hypoxic hypoxia, there is hypoxemia, that is, 
arterial O, tension (P_O,) is low. In all other varieties of 
hypoxia, P O, is normal. 
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4. Symptoms and signs of hypoxia: The main underlying 
defect causing the symptoms in hypoxia is deficiency 
of energy-producing O, in tissues especially the brain. 
a. In severe hypoxia (P.O, below 20 mm Hg), as occurs 

in a plane crash at a very high altitude, the subject 
loses consciousness in 15-20 seconds and death 
may occur in 4-5 minutes. 

b. In acute hypoxia at a PO, between 25 mm Hg and 40 
mm Hg, the subject behaves as if he has consumed 
alcohol. He shows incoordination, slurred speech, 
delayed reflexes, euphoria, etc. If untreated, coma 
and death may occur. 

c. In chronic hypoxia, which is clinically most com- 
mon, at a P.O, between 40 mm Hg and 60 mm Hg, 


Flowchart 25.1: Features of different types of hypoxia. 
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Anemic hypoxia 


Features: 


| Hypoxic hypoxia 


Causes: 
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Fig. 25.1: Different types of hypoxia. 





the subject experiences intense fatigue and diffi- | 2. However, the absolute air pressure is low. So, the partial 
culty in breathing. pressure of inhaled O, at a high altitude has a lower 
d. Important signs of hypoxia are: (i) Cyanosis (poly- value. This results in hypoxic hypoxia, due to decreased 
cythemia and methemoglobinemia have to be diffusion of O, across alveolocapillary membrane. 
excluded), (ii) tachycardia (carotid chemoreceptors | 3. An additional factor of decreased O, delivery to tissues 
reflexly increasing sympathetic drive to the heart), in high altitude is the fact that the amount of dissolved 
and (iii) hyperpnea (carotid chemoreceptors reflexly O, in plasma and tissues is reduced due to the low 
stimulating respiration). partial pressure of O, (pO,) (as pO, determines the 
dissolved O, content). So, this also contributes to the 
Hypoxic Hypoxia reduced O, delivery to tissues. 
It may be due to various causes: Hypoventilation 


1. When the inspired O, tension is low, e.g. in high altitude. 

2. When there is hypoventilation, e.g. in barbiturate 
poisoning. 

3. When there is ventilation-perfusion mismatch, e.g. in 
pneumonia, chronic bronchitis, etc. 

4. When there is defective diffusion, e.g. in pulmonary 

edema. 
. When there is right-to-left shunting of blood. 


1. This occurs when there is failure of the respiratory pump 
(bellow action of the lungs) due to any cause, such 
as, fatigue, mechanical defects like pneumothorax oF 
depression of neural centers which control respiration, 
e.g. in barbiturate poisoning. 

2. Hypoxia due to hypoventilation is accompanied bY 
hypercapnia. CO, accumulates due to underventilation 
and so, hypercapnia is an important sign of hypovent- 


High Altitude lation. 
|. It should be remembered that at high altitude, the | Ventilation-Perfusion Imbalance 


composition of air remains the same. It contains 21 1. In ventilation-perfusion mismatch, some areas 4! 
volumes % of O.,. overventilated while others are underventilated. 
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9, Underv entilated alveoli lower O, tension but it is 
not Compensated in the overventilated alveoli, This 
is because blood is saturated with O, in" 
ventilation and increased ventilation does not 
Q. to blood in overventilated alveoli. 

So, on the whole, hypoxia is produced in venti 
perfusion mismatch, 


hormal” 
add extra 


ation- 


Defective Diffusion 

Sometimes, this can cause hypoxic hypoxia. It occurs when 
the alveolocapillary membrane is partially destroyed as 
in emphysema or it is thickened due to various disease 
processes, e.g. interstitial fibrosis, pulmonary edema, etc. 
These conditions lower the rate of gas diffusion across 
alveolocapillary membrane and produce hypoxic hypoxia. 


Shunt 


1. When deoxygenated blood bypasses the lungs and 
mixes with the oxygenated blood, the process is known 
as “shunt’. 

2. In some congenital cyanotic heart diseases as in 
ventricular septal defect (VSD) shunting of blood takes 
place from the right side of the heart to the left. 

3, Presence of shunt can be diagnosed by administering 
100% O, to the patient. In all other types of hypoxic 
hypoxia, hypoxia is corrected. However, in shunts, the 
O, concentration in arterial blood does not improve to 

the same degree (as the lungs are bypassed). 

In this connection, it may be recalled that P.O 
in arterial blood is about 97 mm Hg although the O, 
tension in the lung alveoli is 100 mm Hg. This drop i in 
PO, is explained by shunting of blood as follows: 

a. Deoxygenated blood from bronchial veins drain 
into the fully oxygenated pulmonary venous blood. 

b. Some venous blood from the walls of cardiac 
chambers drains into the fully oxygenated blood in 
left ventricle via the Thebesian veins, arterioluminal 
vessels (see p. 230), etc. It should be noted that 
another cause of lower P.O, (about 95-97 mm Hg) 
is ventilation-perfusion inequality existing normally 
(see p. 125). 


Compensatory Changes in Hypoxic Hypoxia 


1. Polycythemia due to increased secretion of erythro- 
poietin induced by hypoxia — increases O,-carrying 
capacity which ensures greater O, supply to tissues. 

2, Hypoxia elevates 2,3-diphosphoglycerate (2,3-DPG) 
level — this shifts O,-Hb dissociation curve to the right 
and lowers affinity of Hb for O, — greater release of O, 
to tissues. 

3. Hyperventilation + washes out CO, from the alveoli 
> alveolar CO, tension decreases while alveolar 


O, tension increases (as per atvestia gas equation) 
( see p. 162) > Increased P O,,. 

Also, alveolar O, tension rises | in hyperventilation 
simply because the inc reased tidal volume causes entry 
of larger amounts of O,-rich atmospheric air (compared 
to O, concentration in alveolar air) into the lungs. 


Treatment 


Oxygen therapy (if there is coexistent chronic hypercapnia, 
e.g. in chronic bronchitis, O, should be administered 
extremely cautiously with close monitoring) (see p. 163). 


Anemic Hypoxia 


1, Here, the O,-carrying capacity of blood is reduced. 
This may be due to reduced “available” Hb or simply 
a reduction in number of red cells. Consequently, O, 
delivery to the tissues is reduced. 

2. Itshould be remembered that P_O, is normal in anemic 
hypoxia. Amount of dissolved O, is dependent on P.O, 
but O, bound to Hb is dependent on Hb concentration. 
In anemic hypoxia, amount of dissolved O, and P O, are 
normal but O, bound to Hb is low. 

3. In carbon monoxide (CO) poisoning, due to the 
extremely high affinity of Hb for CO compared to that 
for O, (about 230 times that of O,), Hb combines almost 
totally with CO forming carboxyhemoglobin. Hence, 
very little Hb is available for binding with O, and there 
is a “functional” reduction of Hb resulting in anemic 
hypoxia. 

4. In mild to moderate anemic hypoxia, the patient may 
not show any symptom at rest but difficulty in breathing 
is experienced during exercise. 


Compensatory Changes 


1. 12,3-DPG content of red blood cell (RBC), in anemic 
hypoxia, shifts O,-Hb dissociation curve to the right and 
lowers affinity of Hb for O,. This leads to greater release 
of O, to the tissues. 

2. t cardiac output, T heart rate and a hyperdynamic 
circulation with shortened circulation time: The 
objective is to recirculate the quantitatively reduced 
hemoglobin again and again more frequently, in order 
to transport more O, to the tissues. 

3. Hypoxia stimulates secretion of increased quantity of 
erythropoietin from the kidneys. This increases RBC 
count which is a compensatory effort to correct the 
anemia. 


Treatment 


1. As P.O, is normal, O, therapy at atmospheric pressure 
is of limited benefit. ‘Hyperbaric O, (O, at higher than 
atmospheric pressure), however, can increase the 


Treatment should be directe 


a) 
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Stagnant Hypoxia 
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3 CO causes hypoxia in two ways. 
4. Due to high affinity (about 23 


b. The binding of CO to hemoglo 


_ AsO, extraction by 


Histotoxic Hypoxia 
). In this condition, the intrac 


Treatment 


In cyanide poisoning, 
or nitrites convert Hb to met 
with cyanide to form nontoxic cyanmethe 


-~< 


amount of dissolved O, and itis useful especially in the 


treatment of CO poisoning, 


anemia, 


Here, the P.O, and O, content are normal but the 
velocity of arterial blood flow to the tissues is very much 
reduced due to stasis so that O, delivery to the tissue is 


decreased. 
This type of hypoxi 
obstruction, etc., i.e. 


circulatory stagnation. 
the tissues is high from the stagnant 


ion is very low and the 
O, content is very high 
f hypoxia). 


a is seen in heart failure, venous 
in conditions where there 1s 


circulation, venous U0, tens 
difference in arteriovenous 
(highest among the four varieties 0 


ellular mitochondrial 
s involved in O, utilization 


cytochrome enzyme system 
by toxic chemicals, e.g. 


are rendered ineffective 


cyanide. 


. The P.O, and content are normal. 
_ As no O, is extracted, the 


venous O, tension is almost 
the difference in arteriovenous O, 


the same as P.O... SO, 
the least among the four varieties 


content is very low ( 
of hypoxia). 


administration of methylene blue 
hemoglobin which combines 
moglobin. 


fl CARBON MONOXIDE POISONING 


closed door rooms with burning 


This may occur in 
as. CO 


ovens, due to accumulation of the poisonous g 
is also a pollutant in car exhaust. 

CO poisoning is highly dangerous b 
mulation cannot be detected easily a 
or odor nor it irritates tissues On contact. 


ecause its accu- 
s it has no color 


0 times that of O, for 
h hemoglobin. So, Hb is 
ding with O,,. Thus, 
tissues is severely 


Hb), CO binds avidly wit 
now almost unavailable for bin 
O, uptake and delivery to the 


hampered. 
bin shifts the O,-Hb 


ye to the left. In other words, the 
d and release of O, to 
rbates the hypoxia. 


dissociation cul 
affinity of Hb for O, is increase 
tissues is decreased. This exace 


d to the etiology (cause) of 
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§ CYANOSIS 
ai 


Bf ASPHYXIA 
i‘ 


_ CO poisoning is trea 


- It is visible in the lips, 
. Clinically, 


- Central cyanosis occurs 


_ Peripheral cyanosis occurs 


One must note that cyanosis does not 


- Conversely, in polycythemia, 


- Methemoglobinemia may be mistaken as Cy 


LA 
~ —... 
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In CO poisoning, the pO, remains normal just gg | 

anemic hypoxia. However, 0, content of blood is ye : 
low due to Hb binding almost totally with CO whict 
has a high affinity for Hb, Ihe normal pO, presents tw, 


problems: 
ny reflex hyperventilation (due 


a, It does not permit a 
to hypoxia) which might increase O, supply, 
b. The red color of Hb (due to normal pO,) masks the 


intensely hypoxic state of tissues and this preven}, 


early detection of the condition. 
ted by administering a mixtur, 


of pure O, and 5% CO,. Pure O, helps by increasing 
pO,, which displaces CO from Hb. CO, administratio, 
helps by ‘ncreasing alveolar ventilation which helps jp 


removing CO from lung. 


d by bluish discoloration of the skin 
brane caused by presence of reduced 
£5 g/100 mL in capillary or 


It is characterize 
and mucous mem 
hemoglobin in excess 0 


arterial blood. 
dorsum of the tongue, earlobe, 


nail beds, etc. 
it may be of two types: (a) central and 


(b) peripheral. 
due to defective oxygenation 


in the lungs or due to right-to-left shunt in congenital 


heart diseases. This type of cyanosis is visible in all 


locations including the dorsum of the tongue. 
due to local accumulation of 


happen in vasoconstriction 


reduced hemoglobin as may 
body due to cold. Here, 


in the peripheral parts of the 
the tissue extracts extra O, from the sluggish circulation. 


This leads to accumulation of reduced hemoglobin in 


excess amounts and this causes cyanosis. 
usually occur 


in anemia. This is because, in anemia, the amount of 


hemoglobin is low. 
So, reduced hemoglobin in excess of 5 gm% required 
in anemia. AS a 


for producing cyanosis is uncommon | 


result, cyanosis usually does not occult. 
under normal conditions 


hemoglobin often exceeds 


t normally. 
anosis due 


the amount of reduced 
5 gm% and cyanosis may be presen 


to a similar bluish hue present in the blood. 


combined with 
f gas exchange 
also occlll 


It is a condition where hypoxia is 
hypercapnia as a result of stoppage 0 
e.g. in strangulation, drowning, etc. It may 
where the subject is trapped in an airtight room. 
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; Typically, the effects of acute asphyxia (as in strangula 
~ Gon) are divided into three stages: 

a. Stage I: Both hypoxia and hypercapnia have a 
pronounced stimulating effect on respiration, So, 
there is increased respiratory effort shown by the 
subject. It lasts for 1 minute, | 

». Stage II: In this stage, there is rise of blood pressure 
(BP) and heart rate due to increased sympathetic 
discharge. Ventricular fibrillation may take place 
due to increased circulating catecholamines 
coupled with hypoxic damage to the cardiac 
muscle. Involuntary micturition and defecation are 
not uncommon. Convulsions may occur. This stage 
also lasts for 1 minute. 

c. Stage III: It lasts for 3 minutes. The effects of pro- 
longed hypoxia and hypercapnia now depress the 
medullary centers of respiratory and cardiovascular 
system and also the brain. 

As a result, there is profound hypotension, 
bradycardia, dilated pupils, gasping type of 
breathing. Ultimately, there is cardiac arrest and 
death. 


B HIGH ALTITUDE SICKNESS 


|. When a person, who normally resides at sea level, 
ascends to a high altitude of 10,000 ft quickly, he 
feels several symptoms such as irritability, headache, 
sleeplessness, nausea, vomiting and dyspnea. 
This is known as high altitude sickness. The main 
reason of the symptoms is hypoxia. 
. The symptoms are mainly due to two factors: 

a. One is cerebral edema secondary to hypoxic 
vasodilation of cerebral blood vessels. This results in 
increased capillary pressure which causes transfer 
of fluid to brain interstitium. 

b. The second cause of acute high altitude sickness 
is pulmonary edema. In this condition, there is 
widespread constriction of pulmonary arteries in 
response to hypoxia. This results in pulmonary 
hypertension. 

However, some pulmonary arteries do not 
undergo constriction. These nonconstricted arteries 
transmit the increased BP to capillaries. This results 
in fluid transudation and even rupture of capillaries. 
The end-result is pulmonary edema. 


Note 


tO 


‘'ypoxia causes vasodilation in cerebral blood vessels 
‘ereas it causes vasoconstriction in pulmonary arteries. 
Both of these are beneficial. In cerebral blood 
sels, vasodilatation due to hypoxia helps in supplying 
‘ditional blood and O, to the affected part. 
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In pulmonary arteries, however, hypoxia Induces 
vasoconstriction which reduces ventilation-perfusion 
inequality and prevents exposure of arterial blood to 
hypoxic alveoli, 

The two contradictory effects mentioned above are 
due to the presence of two different types of K* channels 
in smooth muscle cells of pulmonary and systemic 
arteries, 

In pulmonary arteries, hypoxia causes closure of 
O,-sensitive K' channels in smooth muscle cells. This 
decreases K' efflux and depolarizes the cells. Ultimately, 
this causes vasoconstriction. 

On the other hand, in systemic arteries, hypoxia 
opens ATP-sensitive Kt channels. The resulting K’ 


efflux hyperpolarizes the cells and ultimately causes 
vasodilatation. 


3. However, if the person used to living at sea level, is 
exposed to hypoxia at high altitude gradually over 
a few days, he slowly becomes accustomed to the 
environment. Now, a number of compensatory or 


adaptive mechanisms begin to operate. This process is 
known as “acclimatization”. 


COMPENSATORY CHANGES OF ACCLIMATIZATION 
(TABLE 25.1) 


1. Respiratory changes: 


a. The immediate respiratory response to hypoxia at 
high altitude is hyperventilation due to stimulation 
of chemoreceptors. In hyperventilation, PCO, 
falls due to CO, washout. This elevates P.O, as 
per alveolar gas equation. Also, hyperventilation 
increases P.O, in hypoxia by delivering to alveoli 
greater amounts of O, contained in relatively O,- 
rich inspired air. That is why hyperventilation is 


beneficial in hypoxia. 
Note: 


Hypoxia is compensated in another way. The acute 
hypoxia leads to increased sympathetic discharge which 


causes tachycardia. This augments cardiac output which 
improves tissue oxygenation. 





Table 25.1: Compensatory changes of acclimatization. 
1, Hyperventilation 

2. Polycythemia 

3, T 2, 3-DPG content 

4, T Diffusing capacity 

5, Angiogenesis (formation of new capillaries) 

6. Increase in number of mitochondria and enzymes 


7. T TLC and f diffusing capacity in persons living in high altitude 





= = 


But, hyperventilation washes away CO, from the 
alveoli and this diminishes the respiratory drive 
because of respiratory alkalosis with a reduced H’ 
concentration in the cerebrospinal fluid (CSF ) and 








brain tissues. 

- However, in about 4-8 days, the hyperventilation 
picks up again until it becomes about five times 
normal. 

_ This gradual increase in ventilation Is caused by 
slow pumping out of HCO, tons from the CSF 
and brain tissues to blood. This restores the pH to 
normal. According to some others, the pH in brain 
interstitium is lowered (restored) by active pumping 
of H- ions into CSF or by accumulation of lactic acid. 

_ Another factor which helps in rectifying the alkalosis 
in about a week is increased excretion of HCO, by 
the renal tubules. 

. Polycythemia: 

a. The prolonged hypoxia stimulates erythropoietin 
secretion from the kidney and the RBC count 
increases. 

. This increases the O.-carrying capacity of blood and 
O_ supply to the tissues is enhanced. 





tm 


Note: 

igh altitude, although percent saturation of Hb 
eases due to the low pO,, the total O, content of 
c is greater than that at sea level because Hb% is 
uch increased due to polycythemia. 







3. 2,3-DPG content: 2,3-DPG content of RBC is increased 
in high altitude. This shifts the O.-Hb dissociation curve 
to the right and increases O. ‘delivery to the tissues by 
decreasing affinity of Hb for O.. 

. Diffusing capacity: Acclimatization is also helped by 
an increase in diffusing capacity of O,. This occurs due 
to rise in pulmonary capillary blood volume and rise 
in volume of lungs containing air. Finally, increase in 
pulmonary arterial pressure opens up new capillaries. 
All these increase alveolocapillary surface area and 
facilitate diffusion. 

5. The number of capillaries in the tissues increases 
(angiogenesis). This helps in greater diffusion of O, to 
the tissues. : 

. Mitochondria increase in number. There is also 
an increase in the concentration of mitochondrial 
oxidative enzymes. All these help in increasing O, 
utilization. 

7. Recent studies indicate that nitric oxide (NO) may have 

a role in acclimatization. NO is produced in the lung 
in high altitude. Acting locally, the vasodilator action 
of NO increases blood flow to the lung and improves 
oxygenation. 
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Also, NO, transported in blood like a hormone; in 
association with Hb, may have a stimulant effec, On 
respiratory center. These actions of NO may help jn 
acclimatization, 

8. Persons living in high altitude from birth have increased 
total lung capacity (TLC) and diffusing capacity. This 
also facilitates O, supply to the tissues. 

Natives at high altitude have large-sized ches 
other body parts being relatively smaller. They have 
bigger hearts capable of pumping greater quantity o¢ 
blood. They also have increased Hb which more thay 
compensates for the markedly decreased arterial po, 
Indeed, arterial O, content in natives at high altitude j. is 
higher than that in their lowland counterparts for the 


same pO.. 


Bf ALVEOLAR GAS EQUATION 


The relationship between the partial pressure of O, andCoQ, 
in alveolar air (P,O, and P,CO,) is determined by alveolar 
gas equation. 

According to this, 


CO, 


P 
P.O, =(P, —47).FiO, -— + F 


Where, 
P.O, = Partial pressure of O, in alveolar air 
P., = Barometric pressure 
FiO, = Fraction of oxygen in inspired air 
P.CO, = Partial pressure of CO, in alveolar air 
R = Respiratory quotient (RQ) 
F = A constant of negligible value 
47 mm Hg = Partial pressure of water vapor. 
Normally, at sea level, P, = 760 mm Hg; FiO, = 0.21; 
P.CO, = 40 mm Hg; R = 0.8; F = negligible. 
So, P.O, = 100 mm Hg approximately, at sea level. 
From this equation, it is evident that the smaller is the 
value of P,.CO,, the greater becomes the value of P O,. This 
proves that hyperventilation, by diminishing alveolat CO, 
tension, increases alveolar O, tension. This is how at high 


altitude, hyperventilation leads to increased alveolar 0. 
tension. 


Hf DECOMPRESSION SICKNESS (FLOWCHART 25.2) 


1. Divers, who work at a considerable depth under watel, 
encounter very high barometric pressure on their ches! 
and abdomen. 

2. lo counteract this, they have to ventilate at increased 
air pressure. Consequently, the alveolar and arterial! 
gas (ensions are much higher. So, N, and other gases 
are dissolved in blood and tissues in greater amounts 
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Flowchart 25.2: Decompression gi kivegy 


' ons 
Nin plasma to form bubbles and produce eymptot 


Mimnilarto Calsson's disease. 


Tt Barometric pressure 
deep under water 


BAIR EMBOLISM 


I, This may occur when a diver, deep under water, hoses 
his glottis with the lungs containing air at high preseure 
and ascends rapidly, The alr in the lungs expands 
very quickly due to drop in surrounding pressure 
and sometimes ruptures pulmonary veins, Air enters 
through the rents in the ruptured vessels into the 


"Increased dissolved 
N. in fat 


~N, bubbles released in 
tissues during rapid ascent 








os | a circulation, This is one way how air embolism occurs. 

— Dyspnea due to Blockage In small ‘ i ay be lethal! 

pain around block in small blood vessels in *: Air embolism Is DENY Oaribercns: Ieinag De eer 
the joint blood vessels in spinal cord and even when as little as 5 mL of air gains access into the 
(pends) lungs (chokes) heart (strokes) circulation 
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. The main danger of air embolism is that air is compress- 
ible. So, when the heart containing air contracts, the air 
simply gets reduced in volume and ejection of blood 
is severely affected. Thus, the heart cannot pump out 
blood properly if air collects inside it. This may be lethal. 

. Also, bubbles of air may lodge in small vessels of 
vital organs and impair blood flow. This may lead to 
disastrous consequences, 

. Hyperbaric O, by reducing the size of air bubbles may 
help in restoring normal circulatory status. 


, asN_ is soluble in lipids, a considerable amount of N, 
~ gets dissolved in the lipid-rich tissues at this higher 

pressure. . 

if, at the end of the dive, the diver ascends to the surface 
| slowly, nothing untoward happens, However, ifhe | 4 

ascends quickly to the surface, he suffers from typical 

symptoms of decompression sickness, These are: 

, Pain and paresthesia around joints (bends), | 5 

occurring in 80-90% of people affected. 

b. Respiratory distress (chokes), 

c. Paralysis due to damage to spinal cord (strokes), 
This is because as the diver ascends rapidly, the partial 
pressure of N, in the lungs and also in blood falls 
rapidly. As a result, N, is liberated in the form of bubbles 
into the blood and lipid-rich tissues, 

a. N, bubbles in the tissues around joints cause pain 
( bends). 
b. N, bubbles in the blood block small arteries and 
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Oxygen Therapy 


uw 


1, O, therapy at normal pressure has very little use in: 
a. Anemic hypoxia 


b. Stagnant hypoxia 
c, Histotoxic hypoxia 
d, Hypoxic hypoxia caused by arteriovenous shunt. 
2, The only advantage of some value in the above cases is 
the slight increase in dissolved oxygen which is carried 
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capillaries in various organs and interfere with 
blood supply. Thus, they affect the lungs to produce 
dyspnea (chokes) which may progress to pulmonary 
edema and even to death. 

c. When they affect blood vessels to the spinal cord, 
paralysis is produced and when coronary vessels are 
obstructed, myocardial damage ensues (strokes). 


_ Ireatmentis by immediate recompression of the subject 


in 4 hyperbaric environment. Now the gas bubbles 
again dissolve in blood. After this, decompression is 
done at a slow rate, 


‘his syndrome is also known as dysbarism or Caisson’s 

“1sease, 

similar situation arises during an air-crash at high 
‘\tude, (The airplanes have pressurized cabins to 
“Olect the passengers from the exceedingly low 
‘Nospheric pressure present outside). ‘The rapid fall 
air pressure following the air-crash causes dissolved 


to the tissues. 


. Unlike the above conditions, O, therapy is very useful in 


hypoxic hypoxia (except in shunts) as it increases PO, 
considerably. 


. However, one should be cautious about administering 


O, to a hypoxic patient who has coexisting chronic 
hypercapnia. In these patients, the respiratory center 
is not stimulated by CO, and the sole respiratory drive 
is the hypoxia (O, lack), 

In chronic exposure, the respiratory center is insensitive 

to CO, because: 

a. pH of the brain interstitium around respiratory 
centers slowly returns from acidic to normal when 
the rise in pCO, is prolonged or chronic due to entry 
of HCO, into or exit of H’ from brain interstitium. 
So, the pH around central chemoreceptors remains 
normal in spite of a high pCO, and respiratory 
center is not stimulated, 


bb, Rallin pl due to rise in pCO, is adequately compen 
| sated by the kidney 
So, when O. is administered in such a patient, 
hypoxia, the sole stimulus to respiration, Is 
eliminated, As a result, respiration may stop while 
hypercapnia deepens, But hypercapnia fails to 
stimulate respiration, (Rather, tt further depresses 
the respiratory centers), The respiratory arrest 
persists. Ultimately death may result, 






Oxygen Toxicity 
1 When 100% O. is inhaled for 8 hours or more, there 
is irritation of the respiratory tract. The subject may 
complain of sore throat, nasal congestion, cough, ete. 
Infants treated with O, (e.g. for respiratory distress 
syndrome) may develop cystic changes in the lung 
(bronchopulmonary dysplasia). 
3. Another complication called retrolental fibroplasia is 
formation of opacity behind the lens. 
It is due to disruption of the normal pattern of 
vascularization in the retina following O, administration. 
4. A serious manifestation of O, toxicity at high pressure 
under water is abrupt occurrence of seizure which may 
endanger life of a diver. 
Other accompanying symptoms include nausea, 
dizziness, irritability, visual disturbance, disorientation, 
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e of O, toxicity at high pressure is increased activity 
active O, species, e.g. superoxide ions, HO, etc. 
ich have damaging effect on tissues of the body. 






Note: 
in deep sea diving, O, at high pressure can lead to O, 
toxicity. This is manifested by central nervous system 
(CNS) changes which may culminate in coma and death. 
This is prevented by diluting O, in inhaled gas by helium 
or N.. However, N, also is not safe at high pressure. N, 
at high pressure can produce symptoms like alcoholic 
intoxication known as “rapture of the deep’ 


§ DIFFERENT TYPES OF BREATHING (FIG. 25.2) 


Cheyne-Stokes Breathing 


1. This is a typical pattern of breathing characterized by 
alternating periods of apnea and hyperpnea, found in 
brain damage, cardiac failure, etc. 

2. When a person enters a phase of hyperpnea, he blows 
off CO, in excessive amounts. This results in diminished 
CO, tension. 

3. This diminishes the respiratory drive and the patient 
enters into a phase of apnea. 
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Fig. 25.2: Different patterns of breathing. 


4, During apnea, CO, builds up gradually until the Co 
excess starts a new phase of hyperpnea. 

5. Thus, the phases of hyperpnea and apnea go op 
cyclically producing Cheyne-Stokes respiration. 

6. In anormal person, Cheyne-Stokes respiration cannot 
occur. This is because there is an effective damping 
system formed by the stored gases in the blood and 
also in the tissues around the respiratory centers. So, 
extremes of CO, concentration cannot build up ina few 
seconds. 

7. However, Cheyne-Stokes respiration occurs in heart 
failure and brain damage. The two mechanisms are 
different. 

8. In case of heart failure, the lung-to-brain circulation 
time is lengthened. So, blood takes a long time to reach 
the brain from the lung. 

Thus, the respiratory centers in the brain detect gas 
changes much later than it occurred in the lungs. ‘this 
leads to extreme changes in the concentration of CO, 
and this results in Cheyne-Stokes breathing. 

For example, in hypercapnia, the hyperpneic response 
goes on much longer even after the hypercapnia is 
corrected. So, hypocapnia is produced which results in 
apnea. Again, the apneic phase continues even after the 
hypocapnia is corrected. So, there is reappearance of 
hypercapnia which triggers the next hyperpneic phase. 

9, In brain damage, the sensitivity of the respiratory 
centers to change of CO, concentration may increase 
greatly. This is possibly due to damage in the inhibitory 
pathways to the centers. So, slight increase in pCO, 
causes hyperpnea and CO, washout. This results in 
apnea and pCO, rises again to start another hyperpneic 
episode. 





c 
in a ——$—$$$_$$__ hapter a5: Mise ellaneous Topics (Respiration) ca 
, ng 
gjot’s Breath 
1. Irisatype of abnormal breathing j IN Which tl ee ERCISEO “i RESPIRATION 
\ \t ‘ ‘ 
ti akes one ormore deep respin ations } WwW betw amen _ a Aw a 
‘ , . v 

pe riods. \, During exercise, O, demand of the body increases 

>, Iris found in increased intractani ane 


lal tension, Meningitis, 
ete P 


Kussmaul’s Breathing 


1). Itis typically present in diabetic ketoacidosis 
» tis characterized by rapid, deep respiration which is a 
sign of acidosis. 


Sleep Apnea 
Ir may be of two types: (a) obstructive sleep apnea and 
ib) central sleep apnea. 


obstructive Sleep Apnea 


1. This occurs due to loss of muscle tone of the pharyngeal 
muscles during rapid eye movement (REM) sleep. This 
leads to narrowing of the airway causing obstruction. 

_Insome others, due to noncontraction of genioglossus, 
the tongue falls back during sleep. This causes partial 
or total obstruction of the pharynx, which may stop 
respiration. 

3. When this occurs in extremely obese persons, it is 

known as the Pickwickian syndrome. 

4, Snoring occurs in partial obstruction and the patient 
frequently wakes up during sleep due to hypoxia. 
Number of awakenings may exceed 100 times in one 
night. 

. The patient becomes fatigued due to loss of sleep. He 
is also somnolent and irritable. 

6. It can be treated by controlled positive-pressure O, 

inhalation. 

7. Untreated sleep apnea may result in serious problems 

like pulmonary hypertension leading to right-sided 
heart failure. Cardiac arrhythmias and hypertension 


may also occur. 


to 


or 


Central Sleep Apnea 


1. Itis due to failure of the respiratory centers to produce 
neural impulses. So, there is total stoppage of respira- 
tion. Chemoreceptors in the affected individuals are 
poorly sensitive to CO, and O,,. 

2. It is one of the probable causes of sudden infant 
death syndrome (SIDS). In this syndrome, infants are 
suddenly found dead without any apparent cause. 

3. Various factors have been incriminated to cause 
SIDS. These include developmental defect of the lung, 
respiratory centers or chemoreceptors, cardiovascular 
collapse, prone position during sleep, etc. 


. This additional O, is provided by: 

a, Increased cardiac output which increases the 
availability ot O, to the tissues, Cardiac output may 
increase to 25-30 L/min. 


~—— Period of exercise —-* 
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Fig. 25.4: Causes of respiratory stimulation in exercise. 
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b. Increased extraction of O, by the tissues, as shown 
by the drop in venous O, tension to 25mm Hg. 

_ During exercise, the O, consumption of the body may 
increase from a normal value of 250 mL/min to as high 
as 4,000 mL/min. 

4. Simultaneously, CO, is produced in the tissues in 
excessive amounts. This goes up from a normal value 
of 200 mL/min to a maximum of 8,000 mL/min. 

5. There is an increase in ventilation to meet both the O, 
demand and CO, elimination. 

6. As soon as the exercise starts, there is an immediate 
sharp increase in ventilation followed by a more gradual 
increase up to the maximal level. 

When exercise is stopped, again there is an initial 
sharp drop followed by slow decrease in ventilation. 

7. The immediate increase is due to: 

a. Psychic factors. 
b. Stimuli from proprioceptors in the joints, tendons, 


etc. 
Other causes of increased ventilation during 
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exercise are: 
¢ Increase in temperature. 
¢ Increase in K* concentration in blood. 
¢ Fluctuations in pO,, pCO, and pH: These remain 
almost normal in arterial blood even during 
exercise. So, they should not cause any alteration 
in ventilation. 
However, experiments suggest that O, and CO, 
probably have a role in stimulating respiration. 
[t is thought that although the mean concen- 
trations of O, and CO, are normal, both gases 
undergo big swings in partial pressure during 
exercise and this may explain their stimulating 
effect on respiration. 
8 In severe exercise, anaerobic utilization of glucose 
produces lactic acid. This is buffered to form CO, which 


further stimulates respiration. 


Note: 
Exercise increases pulmonary blood flow by recruitment 


of collapsed pulmonary capillaries (e.g. in apical part of 
lung). Dilatation of these capillaries occurs simply due to 
the rise in pulmonary capillary pressure during exercise. 

The rapid blood flow in exercise decreases circulation 
time and one may think that this may reduce equilibration 
of gases across alveolocapillary membrane. 

However, the high rate of diffusion of gases in 
pulmonary circulation offsets this disadvantage. 

In fact, the equilibration of gases is complete in 0.25 
second—much less than normal circulation time at rest, 


which is 0.75 second (see p. 127). 
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9, At first, CO, production and increase in ventilation i 


proportionate. So, pCO, remains the same. This is cajjo, 


isocapnic buffering. 
But, in later stages, ventilation increases More tha, 


the rate of CO, production. As a result, pCO, decrease. 
This helps to combat acidosis. 
10. When exercise stops, ventilation decreases but j; 
reaches the basal level only after O, debt is repaid. 
At this stage, RQ is decreased to, say, 0.5. (RQ j, 
increased to 1.5-2.0 during exercise when lactic aciq 
produces extra CO,.) 


Oxygen Debt 
1. Inlow-grade (mild) exercise, usually the energy demand 
is met fully by aerobic glycolysis. But, if the energy 
demand in exercise is excessive (as in a 100 meter 
sprint), the subject obtains additional energy from: 
a. Conversion of glucose to lactic acid (anaerobic 
glycolysis). 
b. Myoglobin, which provides additional O.,. 
c. Creatine phosphate in cells, which have high energy 
bonds. 
> When exercise comes to an end, these anaerobic 
sources of energy are replenished by consumption 0! 
additional O,,. In other words, the debt of O, incurred, is 
now repaid. That is why the consumption of additional 
O, following an exercise is equal to “O, debt’ 
Due to this repayment of O, debt, the ventilatory 
rate remains at a higher level for some time even after 


exercise stops. 


Bf ARTIFICIAL RESPIRATION 


1. When respiration comes to a stop in conditions with 
asphyxia, e.g. in drowning, gas poisonings, anesthetic 
complications, etc. artificial respiration can sometimes 
be lifesaving to the patient. 

This is an important technique of reviving th 
because respiration often stops even though the heat! 
continues beating. 

2. Techniques of artificial respiration are nume! 
of the most common manual technique |s mouth-o- 
mouth breathing. 

In this technique, the patient lies supine, 
is kept extended and lifted up by one han 
operator while the other hand maintains this p< 
by pressing on the forehead. This position kee 
airway patent, removing any obstruction which " 
be caused by the tongue. 

Closing the nostrils with fingers, the opel 
the patient's mouth with his own and blows into 
patient’s mouth about 1 L of air. 
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In Schafer’ technique, usually employe 
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Atter this, he opens the nostrils ane Moves away his 
mouth, to allow the air to le expired Passively from 
the patient's hing by elastic recoil, He should monitor 


the passive expiration of alr, This Maneuver ts repeated 
12 times per minute, 


din drowning, 
Position with face turned 
to one side, The operator Presses on the loin with 


both hands, This raises the intra-abdominal pressure, 
pushes up the diaphragm and causes expiration, 
After this, the operator Withdraws pressure, the 
intra-abdominal pressure falls, the diaphragm moves 
down and this results in indrawing of air into the 
lung, (The technique is repeated about 12 time 
minute.) 


the patient lies ina prone 
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When artificlal resplration Is required for prolonged 
perlod, may be for days, mechanical respirators are used, 

In one type, the respirator Is a closed chamber fitted 
around the trunk, 

Intermittent negative pressure is applied which 
causes alternate inflation and deflation of lung. 

In another type, called Intermittent positive pressure 
ventilation, air at positive pressure is intermittently 
delivered to the lungs through a face mask. 

One must be cautious about the possibility of hypocap- 
nia during prolonged breathing in mechanical respira- 
tor, 

Also, prolonged breathing in mechanical respirator 
may lead to disuse atrophy of muscles of respiration. 
This makes weaning from mechanical respirator a 
difficult proposition, 
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Bf) ANATOMICAL AND PHYSIOLOGICAL DEAD SPACE 


1. Anatomical dead space can be determined by Fowler’; 
rapid N, meter analysis method. 

2. Physiological dead space can be determined from 
the values of P.CO, (PCO, in the expired air), P CO. 


§ INTRODUCTION 


Lung function tests are varied and numerous. They are 
essential for diagnosis of various types of pulmonary 
diseases. They may be classified into the following 


categories as shown here. 
(PCO, in arterial blood) and tidal volume as per Bohr’ 
§ SPIROMETRY TESTS equation. 
; 3. If physiological dead space significantly exceeds 
1. Vital capacity. anatomical dead space, it can be assumed that there is 
a. Itis the volume of air that can be maximally expired some wasted alveolar ventilation (see p. 125). 
after taking a forceful inspiration. 
b. This is easily d by a spirometer. 
a range ma Bl FUNCTIONAL RESIDUAL CAPACITY 


c. It provides information about the strength of 
respiratory muscles. 1. Functional residual capacity (FRC) is the volume of 


d. Although it has not much diagnostic value, serial air that remains in the lung at the end of a normal 
measurements of vital capacity have important expiration. 
prognostic value (see p. 122). 2. This is increased in patients with emphysema. 
2. Timed vital capacity. 3. FRC is measured by helium dilution technique or N, 
a. It is the vital capacity within a specified time. For washout technique (see p. 122). 
example, the timed vital capacity—forced expiratory 
volume in one second (FEV ) is the amount of air ki COMPLIANCE 


that can be forcefully expired in 1 second after a 
maximal inspiration. 1. Static compliance can be determined from the pressure 


b. FVC is forced vital capacity, i.e. the air that can volume curve in a zone of 1 L above the FRC. 
be maximally and forcefully expired after taking a | 2. Static compliance is increased in emphysema and 
forceful inspiration. decreased in fibrosis. 
c. Determination of FEV and FVC together forms a 3. Dynamic compliance is reduced in bronchial asthma 
very important lung function test. (see p. 133). 
d. Normally, FEV, is 80% of FVC. 
e. However, in obstructive lung diseases like bronchial 
asthma and emphysema, FEV :FVC ratio is reduced H PEAK EXPIRATORY FLOW RATE 
to, say, 50%. 
f, On the other hand, in restrictive lung diseases such 
as fibrosis, both FEV, and FVC are reduced but their 


ratio remains unchanged. 





|. Peak expiratory flow rate (PEFR) is an importan' 
diagnostic test of obstructive lung disease. 

2. The instrument used is Wright’s peak flow mele! or 
electronic spirometer. 


8. 
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cceeeneicniieagenaatiaa 
The subject breathes out through this w 
ettort. 

Normal value in an adult male is 300-800 L/min with 
an average value of 600 L/min, 
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Determination of diffusing capacity helps us to 


diagnose diseases with diffusion defects. 


_piffusing capacity is defined as the volume of gas 


diffusing across alveolocapillary membrane per mm 
Hg pressure gradient. 


Diffusing capacity for carbon monoxide (CO) is 


measured as an index of diffusing capacity. 


V, 


CO 


D,CO=——__2 
P,CO-P.,,CO 


Where, 

D,CO = Diffusing capacity for CO 

\_, = Volume of CO entering the blood 

P.CO = Partial pressure of CO in alveoli (a low CO 

concentration is used) 

P_.CO = Partial pressure of CO in capillary blood (is 

almost always nil, except in heavy smokers, as CO is 

avidly taken up by Hb). 

So, for practical purposes, 

D,CO= Vo 

P,.CO 


A 





= 25 mL/min/mm Hg 


Diffusing capacity of O, is the same as that of CO, ice. it 
is 25 mL/min/mm Hg. It increases during exercise due 
to opening up of previously collapsed alveoli as also 
dilation of capillaries. 


CLOSING VOLUME 


_1. Near the terminal part of forced expiration, the basal 


regions of the lung collapse. The volume over and above 
residual volume at which this collapse occurs, is called 
closing volume. 


2. Closing volume is an important index of small airways 


disease (see p. 139). 


BLOOD GAS AND AIR ANALYSIS 


: !. Blood gas analysis helps in the measurement of blood 


(low, cardiac output, acid-base imbalance, etc. 


_ Blood gas may be analyzed in Van Slyke apparatus, 


Astrup type of apparatus, etc. 
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ith maximum | 3, Air can be analyzed for O, and CO, ina Haldane or 


Scholander apparatus. 


B NONRESPIRATORY FUNCTIONS OF LUNG 


Functions Related to Defense Mechanism 


Li 


The inspired air is humidified. Also, the temperature of 
the inhaled air is brought closer to the body temperature 
as it reaches the lung alveoli. 


. IgA of bronchial secretion has protective action. 
. Removes foreign particles: 


a. Particles greater than 10 pm in diameter are strained 
in nostril and are deposited in nose and pharynx. 

b. Particles 2-10 jxm in diameter are deposited on the 
wall of the bronchi and this may cause bronchocon- 
striction and coughing. They are removed by muco- 
ciliary escalator. 

c. Particles less than 2 um in diameter reach the alveoli 
and are phagocytosed by alveolar macrophages. 


Functions Related to Pulmonary Circulation 


i 


If left ventricular output exceeds venous return from 
systemic circulation, the pulmonary circulation acts 
as a temporary reservoir of blood. 


. The lung filters out fibrin and blood clots, fat droplets, 


dislodged cancer cells, gas bubbles, agglutinated 
red blood cells (RBCs) and other blood cells from 
circulation. 


. Due to lowcapillary hydrostatic pressure in pulmonary 


circulation, any fluid accumulated in the alveoli is rap- 
idly absorbed and pulmonary edema is prevented. 


. Aerosols and anesthetic gases are quickly absorbed into 


circulation through the alveolocapillary membrane. So, 
they are administered through the pulmonary route. 


Metabolic and Endocrine Function 


] 


. The lung synthesizes surfactant, which reduces surface 


tension. 


. The lung converts angiotensin I into angiotensin II in 


the pulmonary capillary endothelial cells. 


. The lung removes from circulation prostaglandins, 


bradykinin, serotonin, adenine nucleotides, norepi- 
nephrine and acetylcholine. 


. A fibrinolytic system which dissolves blood clots is 


present in the lung. It dissolves blood clots lodged in 
pulmonary blood vessels. 


. The lung synthesizes, stores and releases into circula- 


tion prostaglandins, histamine and kallikrein. 
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B BRONCHIAL ASTHMA 





Bronchial asthma is a respiratory disease characterized by: 
i. Airway obstruction caused by bronchoconstriction. 
This is partly reversible. 
2. Edema of respiratory mucous membrane due to inflam- 
mation and secretion of thick mucus result in further 
narrowing of airway lumen. 


Etiological Factors 


1. An allergic origin of the disease has been postulated. 
This is supported by the increased immunoglobulin E 
(IgE) level commonly associated with the disease. 

. Eosinophils may also play a role in the causation of the 

disease through secreted proteins which may damage 

airway mucosal lining. 

uikotrienes are another group of mediators Causing 

fonchoconstriction. This is proved to some extent by 

e fact that leukotriene antagonists, on administration, 

often improve the condition. 

. Cold air and exercise aggravate bronchoconstriction 
and may precipitate an attack of asthma. 

. The bronchial smooth muscle tone has a diurnal 
variation, rising to its peak value during the early hours 
in the morning when there is bronchoconstriction and 
this is the time when asthmatic symptoms become worse, 
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Treatment 


1. Specific antagonists of leukotrienes may effectively 
relieve asthmatic symptoms. 

2. Agonists of {3 ,-adrenergic receptors, like salbutamol are 
potent bronchodilators, By reversing bronchoconstriction, 
they may benefit asthmatic patients, 

3. Anticholinergic agents like ipratropium bromide block 
muscarinic receptors and cause bronchodilation. Thus, 
they may also be useful in patients with bronchial asthma. 





Respiratory Disease, 
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4. Glucocorticoids suppress inflammation and they pj, 
a vitally important role in treating asthma. 

5. Cromolyn sodium inhibits degranulation of mast egy. 
and used judiciously may help prevent attacks of asthm, 


Change in Respiratory Function 


VFEV,; VFEV,/FVC ratio; /PEFR; FEV, increases afte. 
administration of bronchodilator. 


§ EMPHYSEMA 


1. In this disease, there is damage to the elastic tissue ang 
rupture of alveolar walls. Due to disruption of alveolar 
walls, the alveoli merge into bigger air sacs. 

2. There is an increase in physiological dead space as in 
the big air sacs, ventilation outstrips perfusion to a large 
extent. 

3. There is marked hypoxia due to the ventilation. 
perfusion mismatch. In advanced stages, hypercapnia 
may appear. 

4. Polycythemia develops to compensate for the hypoxia. 
Hypoxia also leads to vasoconstriction and pulmonary 
hypertension. 

In consequence, the right ventricle undergoes 
hypertrophy and this may be followed by right ventn- 
cular failure. The cardiac change secondary to the lung 
condition has been aptly termed cor pulmonale. 

9. Lung compliance is increased as reflected from the 
upward shift in the pressure-volume curve. 

Destruction of elastic tissue leads to decreased 
elastic recoil of lung. As a result, the outward foree 
normally exerted due to chest wall elasticity expands 
the lung. The lungs become large and barrel-shaped. 

- In emphysema, there is collapse and obstruction in the 
distal airways which cause increase in airway resistance 
This is due to destruction of connective tissue {ibe 
which by lateral traction on the airways, keep them ope! 
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al Factors 


One ot the most TMporlant ological factors in the 
athogenesis of emphysema is ciRArette smoking, 
ssmoke activates alveolar Macrophages and 
arobilizes neutrophils which secrete elastase. 
superoride anions secreted from Neutrophils inhibit 
antitvypsin which normally protects the lung from 
proteolytic action of elastase and other proteases, 
hus, the elastase-antitrypsin balance is tilted in favor 
arthe former leading to destruction of elastic tissue. 
 -antitrypsin May be congenitally deficient ina 
omazygous genetic disorder. This leads to a severe 
ape of emphysema especially when aggravated by 
cigarette smoking. 
Giving Up smoking improves prognosis of the patient 
oa great extent. 
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gc STIC FIBROSIS 


| This is the most common genetically transmitted 

disease among Caucasians with an incidence of about 

0.5/1,000. 

» In this disorder, there is inactivation of chloride 
channels present in the adluminal membrane of the 
respiratory tract epithelium. 

Chloride ions from the epithelial cells cannot pass 
through the inactivated channels into the lumen of the 
respiratory tract. 

Concurrently, increased amounts of Na*ions are 
absorbed. Water follows the osmotic gradient and enters 
the epithelial cells from the lumen of respiratory tract. 

As aresult, the mucus in the respiratory tract becomes 

thickened and inspissated. This becomes an ideal 

breeding ground of infective organisms and respiratory 
infections are a Common accompaniment of this 
condition. 

Cystic fibrosis implicates many other systems. Thus, it 

is associated with chronic pancreatitis, accompanied 

by thick, viscid and inspissated secretions. 

Sterility occurs as a result of inspissated secretions 
affecting motility of sperms. Similarly sweat glands are 
affected by the disease and this is associated with a 
sweat containing abnormally high Na‘ and CI content. 
Here, absorption of Cl and accompanying Na’ from 
duct lumen is blocked. 
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§ PNEUMOTHORAX 


In this condition, air collects in the pleural cavity 
‘hrough a rent either in the lung or in the chest wall. 
his leads to collapse of the lung on the affected side 
‘ue to elastic recoil. 


= 


‘The pneumothorax may be closed, open or le 
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affected aide, rises 


The intrapleural pressure, on the 
) and this 


to zero (Le. equal to atmospheric pressure 

pushes the mediastinum to the healthy side 

rigion fype, 
in nature, | 

a, Inthe closed type, the rent after some time Is sealed. The 
alr entrapped in the pleural cavity Is slowly absorbed, 
the collapsed lung expands and the patient recovers: 

Absorption of air Is possible as the partial pressure 
of O, and N, of pleural air are greater than those of 
venous blood and go, these gases are absorbed in 
blood down the pressure gradient. 

b. In the open type, the rent remains open and 
spontaneous absorption of pleural air is not 
possible. In addition, hypoxia and respiratory 
distress are marked as the lung tissue on the affected 
side cannot be ventilated effectively. 

c. The most dangerous type of pneumothorax is 
tension pneumothorax. Here, the rent is guarded 
by a flap of tissue acting as a one-way valve, through 
which air enters into the pleural cavity during 
inspiration but cannot escape during expiration. 

Pressure in the pleural cavity increases remarkably, 
often reaching to values like +20 mm Hg. This 
distorts the great veins obstructing venous return. 
There is intense hypoxia, cyanosis and even death 
may occur if not promptly treated by removing the 
intrapleural air. 


Bj LUNG COLLAPSE OR ATELECTASIS 


1. 


When a bronchus or bronchiole is occluded by 
obstruction or otherwise, the air trapped inside the 
occluded portion of lung gets absorbed and collapse 
of the lung occurs. This is also called atelectasis. 


. There is no gas exchange in the collapsed lung and 


arteriovenous shunting takes place. This may be 
minimized by diversion of blood to healthy areas of 
lung by vasoconstriction in the collapsed area. 


. Another cause of lung collapse is the deficiency of 


surfactant. Lack of surfactant increases surface tension 
of alveoli and this may lead to collapse of lung. 

In respiratory distress syndrome of infants, also 
known as hyaline membrane disease, this type of lung 
collapse is seen. 


. Incollapse affecting one side of the lung, the intrapleural 


pressure of the affected side becomes more negative. As 
a result, the mediastinum is pulled toward the affected 
side (mediastinal shift). 


. Apart from the above types of lung collapse, another 


type of lung collapse may occur due to compression 
(known as compression collapse). This is found in 
pleural effusion, pneumothorax, etc. 


A. Long questions: 








ported in the body 


1. Describe how oxygen is trans 
dissociation curve. 


with special mention to O,-Hb 
What is myoglobin? 
2. Describe i CO, is transported in the body. What 
are Haldane effect and reverse chloride shift? | 
3. Discuss briefly the neural regulation of respiration. 
_ Discuss briefly the chemical regulation of respiration. 
_ What is hypoxia? Describe in details the types of 


hypoxia. 


ui 


B. Write short notes On. 


1. Vital capacity 

2. Timed vital capacity 

3. Residual volume 

4. Nonrespiratory functions of lung 
5. Dead space 

6. Ventilation-perfusion ratio 

7. Intrapleural pressure 

8. Muscles of respiration 

9. Surfactant 
10. Compliance 
11. Closing volume 
12. Bohr effect and Haldane effect 
13. Cheyne-Stokes breathing 
14. Asphyxia 
15. Cyanosis 

16. Decompression sickness 


C. Explain why: 
_ Alveoli are kept dry. 
2. Tuberculosis predominantly affects lung apex. 
_ Atelectasis and pulmonary edema occur in premature 
infants. 
Saline-filled lungs show increased compliance. 
_ Hematocrit in venous blood is higher. 
There is very little hypoxia up to an altitude of 10,000 
feet. 
Carotid body is insensitive to anemic hypoxia. 
_ Oxygen should be cautiously administered in patients 
with chronic hypercapnia. 
9. Exercise causes three-fold rise in O, release to tissues. 
10. Cyanosis usually does not occur in anemia. 
11. Pulmonary edema may occur in high altitude in 
unacclimatized person. 
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D. Multiple choice questions: 
1. Positive intrapleural pressure is observed at the: 
a End of expiration 
b. End of inspiration 
c. End of forced inspiration 
d. End of forced expiration 












2. Which of the following is equal to the relayay, 
volume of lung? 
a. Expiratory reserve volume 
b, Functional residual capacity 


c. Vital capacity 
d. Closing volume 
3. Residual volume is defined as the volume of ,.. 
present in the lung at the end of: 
a. Normal inspiration b. Normal expiration 
c. Forced inspiration d. Forced expiration 
4. Total lung capacity is: 
a. 1200 ml b. 2500 ml 
c. 4800 ml d. 6000 ml 


5. Spirometry cannot determine: 
a. Tidal volume 
b. Vital capacity 
c. Inspiratory capacity 
d. Total lung capacity 
6. Which of the following can be measured by nitrogen 
washout method? 
a. Anatomical dead space 
b. Closing volume 
c. Residual volume 
d. Diffusion capacity 
7. Which of the following occurs at the apex of lungs 
during standing? 
a. Blood flowishigh __b. Ventilation is high 
c. V/Qis high d. None of the above 
8. Which of the following is correct? 
a. PaO, is maximum at the apex 
b. V/Q is maximum at the base 
c. Blood circulation is maximum at the base 
d. None of the above 
9. Which of the following causes chloride shift? 
a. Formation of O,-Hb complex in RBCs 
b. Generation of HCO, in RBCs 
c. Metabolism of glucose in RBCs 
d. None of the above 


10. All the following about O.-Hb dissociation curve are 


true except: 

a. Fall in temperature shifts curve to the right 

b. Curve is sigmoid in shape 

c. Decrease in pH shifts curve to the right 

d. Binding of the first heme to O, increases the affinity 
of the second heme for O, 


11. Fallin 2,3-DPG occurs in: 


a. Anemia 
c. High altitude 


b. Acidosis 
d. None 


o. affinity for Hb decreases in; 
4, CO poisoning b. HbF 
C. Alkalosis dq, Hyperthermia 
if CO, uptake with Haldane effect is 4 1/100 ml 
what is its value without Haldane effect? | 
3, 1 m/100 ml b. 2/100 mI 
< 4ml/100 ml d. 6MV/100 mI 
14. inhibition of pneumotaxic center results in: 
3, Deep and slow respiration 
bh. Shallow and slow respiration 
- Deepand rapid respiration 
4. None of the above 
15, Which of the following prevents hyperinflation of 
lung? 
3. Hering-Breuer reflex 
b. Head's paradoxical reflex 
c. Irritant reflex 
d. Allof the above 


ap 
\2. 


13. 


mcQs Answers 

; Ans. D. The inrapleural pressure is negative (-5 cm of 
water) after a normal expiration. It is more negative at 
the end of inspiration and even more negative at the 
end of forced inspiration. However, it becomes positive 
at the end of forced expiration, reaching a maximal 
value of +40 cm of water in Valsalva maneuver of forced 
expiration against closed glottis. 

> Ans. B. At functional residual capacity at the end of 
normal expiration, the lungs are totally relaxed as the 
outward expanding tendency of chest wall exactly 
neutralizes elastic recoil tending to collapse the lungs. 
So, it is called relaxation volume. 

3, Ans. D. Volume of air that still remains in the lungs after 
3 forcful expiration is called residual volume. 

4. Ans. D. Maximum volume of air that the lungs can hold 
is total lung capacity (TLC) which is equal to 6000 ml. 

s. Ans. D. Spirometry cannot measure residual volume and 
capacities that incorporate residual volume (FRC and 
TLC). 

6. Ans. C. N, washout and helium dilution techniques are 
used to measure residual volume. [Anatomical dead 


space and closing volume are measured by rapid NM, 
meter analysis after single breath O, inhalation, Diffusion 
capacity is measured with CO (D,CO)]. 

7, Ans. C. Both ventilation and blood flow (perfusion) are 
low in apex of lungs but high at the bases, But V/Q 15 
high at the apex as here, perfusion (Q) is even lower than 
ventilation (V), 

8. Ans. C. See Ans, 7 

9, Ans. B. Generation of HCO, in RBCs increases HCO, 
concentration in RBCs, HCO, now goes out into plasrna 
down the concentration gradient. Cl shift occurs as Cl 
comes into the cell to maintain electroneutrality. 

10. Ans. A, Rise in pCO,, [H'], 2,3-DPG and temperature 
shift O,-Hb dissociation curve to the right. So fall in 
temperature shifts O,-Hb dissociation curve to the left. 
(Binding of the first heme to O, increases the affinity 
of second heme for O,. This is known as heme-heme 
interaction or co-operativity). 

11. Ans. B. 2,3-DPG increases in anemia and high altitude. It 
decreases in acidosis. 

12. Ans. D. CO poisoning, HbF and alkalosis (reduced H* 
concentration) all shift O, dissociation curve to the left, 
le, increase O, affinity for Hb. However, hyperthermia or 
rise in temperature shift O,-Hb dissociation curve to the 
right, i.e. decrease affinity of Hb for O.. 

13. Ans. B. CO, uptake from tissues is doubled due to 
Haldane effect. So without Haldane effect, CO, uptake is 
halved, i.e. 2 ml/100 ml. 

14.Ans. A. Pneumotaxic center inhibits apneustic 
center. Damage to pneumotaxic center (analogous to 
midpontine transection) causes respiration to become 
slow and deep as switching from inspiration to expiration 
is delayed. 

15. Ans. A. Inflation of lungs initiates Hering-Breuer inflation 
reflex and it cuts short the duration of inspiration, 
preventing hyperinflation. (In Head's paradoxical reflex, 
inspiration initiates further inspiration as seen during 
childbirth when it helps to expand and aerate the 
collapsed lungs of the newborn. Irritant receptors cause 
bronchoconstriction). 
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Functional Anatomy 








[ NTRODUCTION 

The heart has two pumps connected in series. The right 
ventggie Pumps blood into the low pressure pulmonary | through the left amioventicular opening (guarded bv 
~rculation _ while the left ventricle pumps bload into the the minal valve). 


+. From the hes, dlood IS TEN umed to the heart via four 
pulmonary veins, which drain into the left amum. 
2. From the left aium, blood flows invo the Ieft ventncie 


nich pressure systemic circulation. na x 
mole : = 6. Blood is pumped by the lef venticle into the SySeme 


-~ -~ > >» > 
circulation through the aorta. 


VALVES 


1. ‘The areulation of blood through the four chambers 


§ CIRCULATION THROUGH THE HEART (FIG. 28.1) 


|. Venous blood from the systemic circulation retums via 
the superior and inferior vena cava and collects in the 
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night acriiom. 


From the right atrium, this blead goes into the right — 


ventricle through the right atrieventricular opening 
(guarded by the tricuspid valve). 


. From the right ventricle, blood is pumped via the 


pulmonary artery into the lungs. 


Superior vena cave 
Pulmonary vaive 
Fight atrum 
Tneuspid valve 
Papillary musce 


inferior vena cava 


2. The amoventicul 


of the heart is regulated by four w pidirectix meal rele 
These valves allow flow in one direction only. Thev 
prevent flow in opposite direction. 

ar valves are the micuspid (having 
three cusps) and the mitral or bicuspid (having two 
cusps). They guard the night and left atoventicular 





Fig. 28.1: Circulation through the heart and the warous Cardiac waives. 
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They allow blood to flow from 


openings, respectively, 
of blood in the 


atria to the ventricles but prevent flow 
opposite direction. 

3. Attaghed to the ventricular surface of these valves are 
cord-like structures called chordae tendinae. These are 
connected to muscle belly arising from the ventricular 


wall. These muscles are called pa villary muscles. They 
prevent the eversion of valye leaflets inside the atria 
during ventricular systole. 


4. The valves at the junction of ventricles with the aorta 
and pulmonary artery are called the semilunar valves. 
They have three cusps each. They allow blood to flow 
awav from the ventricles during systole but prevent flow 
in the opposite direction during diastole. i 


5. There is no valve between jtria and the vena cava. 


However, backflow is not significant because during 
atrial contraction, the junction between the atria and 


the vena cava becomes constricted. 
v' pba 


F PERICARDIUM 
sac, which is 


1. The heart is enclosed in an outer fibrous y 


f sed with the roots of aorta and pulmonaryartery. This 
. ————e : 
is called the fibrous pericardium. 


2. The serous pericardium, which lies within the fibrous 
pericardium, forms a closed sac-like s with two 
layers. The outer parietal layer lines the inner surface of 
the fibrous pericardium while the visceral layer covers 
the outer surface of the heart. The space between the 
twaserous layers contains 5-30 mL of fluid, which acts 
as alubricant and facilitates the movement of heart 
inside the chest. ° 

Note: The cardiac muscles are disposed spirally around 
the ventricle. So, when they contract, they shorten the 
ventricular diameter and at the same time, the apjcal 
portion 1s squeezed toward the top. Thus, they have a 
wringing effect which helps in greater emptying of blood 
contained in the ventricle. : . 
Two factors help in the lifelong pumping of cardiac 


muscle. a 
Firstly, the very high capillary density always bathes the 


cardiac muscle with blood containing required nytrients. 
Secondly, cardiac myocytes are laden with =taadan 
mitochondria, which are the source of the persistent 
supply of energy required by the heart. ” 


Bf STRUCTURE OF CARDIAC MUSCLE (IN BRIEF) 


Compare with structure of skeletal muscle: 4 
1. Cardiac muscle fiber consists of numerous myofibrils 
+ each myofibril consists of numerous sarcomeres 
attached end-to-end separated by Z-lines. 





a 


contractile units Containing " 
h 
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9. Sarcomeres are the 
and thick filaments. 
_ Myosin forms the 


A-band. | 
Outer end of thin filament is attached to Z-line, 1p, 


inner end is free and itis directed towards the CONter vy 

the sarcomere and overlaps the peripheral part of i, 

thick filament. 

5. [-band is formed by the outer ends of thin filameny, 
which have no overlap with thick filaments, 

6. H-zone is formed in the center of A-band where ther, 
‘s no overlapping between thin and thick filaments 

7. There is an M-line in the center of H-zone formed by the 
protein myomesin. 

8. The thick filament gives off lateral projections or crogs. 
bridges formed by myosin heads. They bind with actiy, 
and pull the thin filament inwards between the thick 
filaments during contraction. 

9. Thin filament contains three proteins—(1) actin, 
(2) troponin, and (3) tropomyosin. At rest, tropomyosin 
covers the myosin binding sites on actin. When 
Ca‘* ions released from terminal cisterns bind to 
troponin C (one of the three components of troponin), a 
conformational change occurs. As a result, tropomyosin 
slides aside exposing the binding sites for myosin heads 
on the thin filament. Myosin heads now get attached to 
the binding sites and bring off contraction. 

10. There are two types of tubules—(1) T tubules and 
(2) sarcoplasmic reticulum. a 
11. T tubules are inward invaginations of sarcolemma at 
the level of Z-line. T tubules in cardiac muscle are very 
large having more than twice the diameter of a T tubule 

in skeletal muscle. 

12. Sarcoplasmic reticulum contains longitudinal tubules 
with swollen ends called terminal cisterns, which ate 
storehouse of Ca** ions. The terminal cisterns at 
relatively narrow compared to those of skeletal muscle. 

13. Usually one relatively narrow terminal cistern and inner 
part of T tubule come in close proximity to form 4 “diad: 
This contrasts with the “triad” in a skeletal muscle 
formed by one T tubule and two terminal cisterns. 
The excitation-contraction coupling is as follows: 
Action potential in the sarcolemma depolarizauon 

reaches the T tubules > opens a Ca’’-channel !! 

dihydropyridine (DHP) receptor in T tubule > Ca” 
released from DHP receptor leads to Ca’'-dependent Ca" 
release from ryanodine receptor in terminal cistern into the 
cytosol — Ca*’ binds to troponin C —» muscle contraction. 


thick filament which forms yp, 


°.% 
— 


A second route of calcium entry into the cytosol !s 
through Ca’’-channels in the sarcolemma during plateau 
phase of action potential. 
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Structure of a Blood Vessel Wall (Fig, 28,2) 


Wall of a blood vessel has three layers. From inside 
outwards, these are: 


1. Tunica intima: It is the innermost layer lining the 
lumen of the blood vessel. It consists of a single layer 
of endothelial cells. 


2. Tunica media: It is the middle layer separated from 
the tunica intima by internal elastic lamina. This layer 
: contains smooth muscles innervated by sympathetic 
nerves. It is separated from the outer layer (tunica 
adventitia) by external elastic lamina. 
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Endothelium 
(tunica intima) 


Internal elastic 
lamina 
Tunica media 


External elastic 
lamina 


Tunica adventitia 


3. Tunica adventitia: It is the outermost layer. It contains alt 
collagen fibers and fibroblasts. ig,Z9-2: Cross-section of arterial wall. 
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Characteristics of Cardiac Muscle 








3. Intercalated disks are made of folded membrane. 
between adjacent muscle fibers at the level of 7%, 
They strengthen the bonds between neighbor, 

A. Morphological properties: muscle fibers and help in Transmitting tension 
s intercalated disks 4. Gap junctions between adjacent cells allow slensiry 


\ APPROPERTIES OF CARDIAC MUSCLE 
a Gap junctions excitation to pass rapidly from cell 10 cell. This nrodyre. 


Properties of cardiac muscle 


—_ 


B. Electrical properties: functional syncytium, ie. many cardiac cells iaactig: 
a. Excitability as a single unit 


¢ Fast response action potential 


5. Cardiac muscle is of two types—(1 ) working myocandin 
¢ Slow response action potential 


cell and (2) junctional tissue. Working myocardial ris 


b. Autorhythmicity are contractile. junctional tissue initiates and condurs 
c. Conductivity electrical activity. 

¢ SAnode 

¢ Internodal tracts t 

¢ AV junction _—— 

¢ Bundle of His Excitability and Cardiac Action Potential 

¢ Purkinje fibers 


Cardiac muscle is excitable. It responds to a proper Stimuli 
by producing an action potential This properr 3s calle 
excitability. 

Extracellular recording of the electrical activmes m Mt 
heart forms the basis of the electrocardiogram (p =*" . 


¢ Origin and spread of cardiac impulse 
C. Mechanical properties: 
a. Contractility 
¢ Excitation-contraction coupling 
¢ Factors affecting force of contraction 
Q Preload-Frank-Starling’s law: Application and 
molecular basis Note: 


2 Afterload | In extracellular recording, both electrodes are placed a8 


2 Inotropic state _ the outer surface of the cell. In contrast, in iprrecesiaalat 
b. Refractory period _ recording, one electrode is placed on the outer surtaot 
c. Staircase phenomenon | and the other is placed inside the cell. 
d. Postextrasystolic potentiation | 

-Or- | . | 
e. All-or-none law Action potential of cardiac muscle, as recorded 


. _ intracellular recording, is of rwo rypes: 
Morphological Properties |. Fast response action potential found in wortt® 
1. Cardiac muscle is an involuntary, striated muscle. myocardial cells. 
2. Each muscle fiber is 100 pm long, 15 ym broad and | 2. Slow response action potential found in paces 
bounded by a sarcolemma. | (autorhythmic) tissues. 
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| b. Opening of K*-channels 

c. Reversal of electrical gradient due to entry of Na 
— ‘ ions inside the cell in large arnounts. 
~ : 4. In phase 1 (the next phase), the membrane potential 
not —v decreases to about 0 mV (from +35 mV). It is due to exit 
| . | of K’ through K* channels permitting transient outward 
current of K*(K, ). [i= current; to = transient outwards]. 
5. Phase 2 is called plateau phase. In this phase, the 
3 membrane potential remains at a constant elevated 
| | level near about 0 mV for a prolonged period (about 
| 200 ms). This “isopotential” plateau phase is caused 
a a seer. \ ee | by entry of Ca~ into the cell through slow voltage- 
oo ssiesndenteh Gevnainies tas dependent L-type Ca* channels at a slow rate. This 
Fag. 29.1: Fast respons 2° -The numbers 0,1,2,3, | entry of Ca~ ions exactly balances an equivalent 
and 4 correspond to diflerent phases of action potential | amount of cation exit from the cell caused by K- efflux 
through various types of K~ channels (see below). 

6. The plateau phase is remarkably prolonged in 


: frisfoundin working myocardial cell, where the resting ventricular muscle. In atrial muscle, however, it is of 
membrane potential (RMP) is about—90 mV. shorter duration. 

On stimulation of the muscle cell, there is depolarization | 7. The prolonged plateau phase is responsible for the 

end the membrane potential gradually reaches the | long refractory period of cardiac muscle. Also, the 

Sring potential. As the firing potential is reached, a | inward entry of Ca~ into cardiac muscle cells during 

erge number of fast Na” channels in the membrane the plateau phase plays an important role in increasing 

open. This causes explosive entry of Na‘ ions into the cytosolic Ca** concentration required for muscle 
cell. As a result, the membrane potential shoots up to | contraction. 

bout +35 mV. This is called the “0” phase. It should be | 8. In phase 3, there is rapid K* efflux while the slow Ca~ 

noted that cardiac action potential can be divided into | channels are closed down. As a result of the latter, entry 

five phases—from phase “0” to phase “4” | of Ca~ ions into the cell comes to a stop. 

2 4s the muscle membrane is fully permeable to Na’ ions The above two factors result in a rapid fall of mem- 
in the “0” phase, the membrane potential should equal brane potential toward RMP. This is the repolarization 
equilibrium potential of Na’ (i.e. +65 mV). But, Na” phase. 
entry stops at a membrane potential of +35 mV. Thisis | 9. Inphase4, although RMP is achieved, there is exchange 
oecause of the following reasons: of Na*, K*, and Ca* across cell membrane to restore 
2. Time and voltage-dependent inactivation of Nat- ionic balance. This occurs through the activation of 

channels (Na*/K*-ATPase) pump, Na*-Ca™* exchanger, etc. 


past Response Action Potential (Fig. 29.1) 





—— 


Role of various types of K* -channels in fast response Action Potential 
“ere are three types of K’-channels which actively contribute to the various phases of cardiac action potential. These are: 
~ ¥ -channels transmitting a transient outward current during phase 1. Due to K’ exit through these channels, the 
membrane potential drops in phase I. In addition, K efflux occurs through these channels in phase 2 and early 


vart of phase 3. 
coward rectifier K’ 
10st impermeable at zero or positive memb 


-channels have increased permeability at markedly negative voltage (close to RMP). But they become 
rane potential. This impermeability of these channels at near zero voltage 
“\ps in prolonging the plateau phase. This is because if there was rapid efflux of K* through these channels at this 
“ar Zero voltage, it would have caused early repolarization and the plateau phase would have been shortened. 
layed rectifier K*-channels: These are activated by a positive voltage near the termination of phase 0. But their effect 
delayed until onset of repolarization in phase 3 when K’ efflux through them begins. kK’ efflux through these channels 
‘sponsible for the early part of repolarization. However, as the membrane potential becomes more negative during 
polarization, inward rectifier channels become more active and exert a greater effect on K’ efflux, thus completing 


“polarization. 





—_ 





Fig. 29.2: Slow response action potential. 
(FP: firing potential; DD: diastolic depolarization (pacemaker potential) 


. Siow Response Action Potential (Fig. 29.2) 
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1. This type of action potential is found in cardiac pace- 


Ww 
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maker tissues, e.g. sinoatrial node (SAN), atrioventricu- 
lar node (AVN), etc. 


. In these tissues, RMP is -60 mV and firing potential is 


-40mV. One should note that there is no true RMP in 
these tissues because the membrane potential is always 
changing. 

At this high (less negative) membrane potential, 
“fast” Na*-channels are inactivated. That is why 
depolarization in junctional (pacemaker) tissues occurs 
through Ca™ entry via slow L-type Ca** channels. As 
entry of Ca~ ions is slower, the upstroke has a duration 
of about 100 ms compared to only 1 ms taken by Na* 
influx in a working myocardial cell. Asa result, the slope 
of depolarization is slanted. This is quite unlike the “0” 
phase of fast response action potential, which is very 
steep (almost vertical). Slower rate of depolarization 


contributes to the slow conduction velocity of slow 
response action potential. 


. Phases “1” and “2” are absent. Tip of the action potential 


is rounded. 


. Phase “4” shows spontaneous depolarization from RMP 


to firing potential. This triggers the next action potential 
leading to autorhythmicity. 


The steep upstroke of fast response action potential is 
caused by rapid Na’ entry through fast Na* channels. 
This can be proved by the fact that, in Purkinje fibers, on 
administration of tetrodotoxin—a drug that blocks Na’ 
channels—the steep upstroke of fast response action 
potential disappears and is replaced by a more sloping 
ascent of membrane potential during depolarization. 


In fact, in slow response action potential, the sloping 


ascent of membrane potential during depolarization is 
caused by Ca” entry into the cell and not by Na’ entry 
through Na’ channels. 


4. Vagal (parasympathetic) 


9. Sympathetic stimul 
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Autorhythmicity 


the junctional tissues of the heart generate thei, Oy, 
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rhythm without any external stimulus, This Property, 
known as autorhythmicity. 


. As described above in the slow response action pote 


tial, this occurs due to an inherent instability of Riyp 
leading to a spontaneous rise of membrane Potent), 
from RMP to firing level in phase 4. 

This is called pacemaker potential or prepotentia| », 
diastolic depolarization. It is found in the pacema,., 
iS e heart, i.e. SAN, AVN and His-Purk; 
fibers. It generates the next action potential autom 
cally. 

It may be mentioned here that some extracardiar 
tissues, e.g. interstitial cells of Cajal in intestinal] smoot} 
muscle, also show similar pacemaker properties, 


Nije 
at} 


. Ionic basis of pacemaker potential: We have seen tha, 


(in a pacemaker cell) during the initial part of repolar. 
ization phase of action potential, K*-channels are fyj}p 
open. This causes rapid efflux of K* ions from the ceil 
resulting in intracellular negativity, which causes the 
repolarization. 

However, in a pacemaker cell, K*-channels begin to 
close, especially toward the end of repolarization, This 
leads to decrease in K* efflux. When the membrane 
potential drops to about -50 mV, Na‘ ions enter into 
the cell through small ion channels as positive inward 
current of Na’. 

This cation entry into the cells could have been 
balanced by efflux of K* ions. But, as mentioned above 
during the terminal part of repolarization, there is a 
decrease in K’ efflux, known as I, decay. So, the inward 
positive current of Na’ takes the upper hand and there 
is depolarization. This is the basis of the first part of 
pacemaker potential. 

Here, entry of Na’ ions into the cell occurs during 
the hyperpolarization phase whereas normally it enters 
into the cell during depolarization. So, Na’ entry here 
is called “funny” current (Ip). 

Entry of Ca" into pacemaker cells is responsible tor 
the latter part of pacemaker potential. This Ca‘ entels 
through T (transient) type Ca‘'-channels. 


Note: 


the ion channel allowing funny current is called HCN 
channel (hyperpolarization-ac 
gated cation channel), 


tivated cyclic nucleotide: 


stimulation flattens slope 0! 
prepotential — decreased heart rate. 


ation makes the slope of prepotential 
sleep — incre; 


ased heart rate (Bigs. 29.3A and B) (see 
also p. 185 for details) 
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Figs. 29.3A and B: Effects of parasympathetic (A) and sympathetic 


(B) stimulation on slope of pacemaker potential. Arrows indicate 
points of stimulation. Blue lines show normal slope of pacemaker 


potential. 


Fig. 29.4: The junctional tissues of the heart. 
(SA: sinoatrial; AV: atrioventricular) 


inoatrial Node 


Note: 
In slow response action potential, Ca** entry through 
T-type (transient) Ca**-channels contributes to 
pacemaker potential. In contrast, Ca** entry through 
L-type (long-lasting) Ca**-channels occurs in the 
depolarization phase (upstroke). | 

However, in fast response action potential, Ca* entry 
through L-type “slow” Ca**-channels occurs in plateau 
phase (phase 2). 


1, This is called pacemaker of the heart because the heart 
normally beats in accordance with the rhythm set by 
SAN. 

2. It is located in the upper posterolateral wall of right 
atrium, close to its junction with the superior vena cava. 

3. Itis about 15x3x1 mm in size. 

4. It contains small, round cells called “P” cells which 
generate the electrical impulse. These modified muscle 
cells in the SAN are much thinner than surrounding 
atrial muscle cells. Other adjoining cells conduct the 
impulse to internodal tracts. 

5. The “P” cells have a RMP of about -60 mV and firing 
potential of about -40 mV. They show slow-response 
type of action potential with diastolic depolarization 
in phase four. 

6. The SAN is the “pacemaker” of the heart because its 
rhythm (70-80/min) is faster than that of AVN (50-60/ 
min) or that of Purkinje fibers (30-40/min). So, after 
one heartbeat, SAN stimulates cardiac tissue earlier 
than AVN or Purkinje fibers. Thus, SAN becomes the 
pacemaker. 

7. When SAN fails to produce an impulse, AVN becomes 
the pacemaker. Similarly, when AVN, too, fails to 
generate an impulse, Purkinje fibers become the 
pacemaker. This phenomenon is called hierarchy 


of pacemakers (See Stannius ligature experiment 
below). 


Conductivity 


This is the property of cardiac muscle by which it can 
conduct electrical impulses. The conducting velocity of 
different cardiac tissues is different. 

The SAN and AVN have a conducting velocity ranging 
between 0.02 M/sec and 0.1 M/sec. 

Internodal tracts, bundle of His, atrial, and ventricular 
musculature have a conducting velocity of about 1 M/sec. 

Purkinje fibers have the highest conducting velocity, 
ranging between 2 and 4 M/sec. 


Details of the Conducting System 


The junctional (conducting) tissues of the heart (Fig. 29.4)— 
modified myocardial cells which generate and conduct 
electrical impulse in the heart, constitute junctional tissues 
of the heart. These include: 

1. Sinoatrial node 

2. Atrioventricular junction (AV junction) 

4. Internodal tracts 

4, Bundle of His 

9. Purkinje fibers, 


Ipternodal Tracts 


1. Three internodal tracts connect SAN with AVN. 
These are made of specialized conducting tissues 


which transmit impulses at a faster rate than atrial 
muscles. 
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2. The tracts are: 

a. Anterior tract of Bachmann 
b. Middle tract of Wenckebach 
c. Posterior tract of Thorel. 

3. A band of specialized conducting tissue, which is a 
branch of anterior tract of Bachmann, supplies the 
left atrium. This interatrial tract is responsible for 
simultaneous depolarization of both atria. 


LS Atrioventricular Junction 


1. This consists of three parts: 

a. Atrionodal region where the internodal tracts 
terminate. 

b. Atrioventricular node or nodal region. 

c. Nodal-His region, which gives rise to the bundle of 
His. 

_ Atrioventricular junction is situated on the right wall 
of the interatrial septum close to the opening of the 
coronary sinus. 

3. Its size is about 22 mm x 10 mm x 3mm. 

4. Impulses from SAN arrive at AV junction. They are then 
transmitted to the bundle of His after some delay (nodal 
delay—vide infra). 

_ Like SAN, AV junction has also P cells with pacemaker 
properties. However, they produce impulses at a lower 
frequency. 


to 


ul 





Bundle of His 


junction. It then passes to the ventricle by piercing the 
fibrous tissue which separates atrial and ventricular 
musculature. (In fact, it is the only conducting tissue, 
which electrically connects atria and ventricles. This is 
because the fibrous tissue between atria and ventricles 
acts as an electrical insulator between them. ) 

2. In the ventricle, the bundle of His descends for 5-15 
mm down the right side of the interventricular septum. 
Then it divides into left and right bundle branches. 

3. The thicker left bundle branch pierces the interven- 
tricular septum to reach the left ventricle. It then runs 


S Sinus rhythm Atrial rhythm 


First stannius 
ligature 





subendocardially on the left side of the interventric,, 
lar septum. It ultimately divides into an anterior ang 


posterior division. 


‘The thinner right bundle branch descends down th, 


right side of the interventricular septum. Both th, 
bundle branches divide and subdivide into progressively 
smaller branches. These ultimately connect wih 
working myocardial cells via Purkinje fibers. 


Purkinje Fibers 
1. These form an extensive network of cells, which spreag 


the cardiac impulse to individual working myocardia| 
cells. 


_ They are specialized myocardial cells of much larger 


diameter with abundant gap junctions. They have the 
highest conduction velocity, which ensures that the two 
ventricles beat synchronously and simultaneously ina 
coordinated manner so that ejection of blood from the 
ventricles can take place efficiently. 


. Interestingly, the action potential observed in them 


resembles a fast response action potential with pro- 
longed plateau. This leads to a considerably prolonged 
refractory period. So, undesired rapid excitation of 
these fibers at a very high rate is prevented. 

At the same time, they show diastolic depolarization 
in phase four, which is characteristic of other pacemaker 
tissues. 


1. This thick bundle arises from nodal-His region of AV Stannius Ligature Experiment (Fig. 29.5) 
1. The hierarchy of pacemakers can be nicely demonstrated 


by stannous ligature experiment done in a frog. The 
frog’s junctional tissues of the heart are spread over 
three chambers. 

The pacemaker is located in the sinus venosus, while 
the atria and the single ventricle contain the remainder 
of junctional tissue. 


. Now, a thread is inserted between the sinus venosus 


and the atria, and a tight ligature is applied. [hiss 
called the first Stannius ligature. Transmission ol 
impulse from sinus venosus to distal portions ceases 


Idioventricular rhythm 


Second stannius 


ligature 


Fig. 29.5: Effect of first and second Stannius ligatures on frog heart. 
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The second Stannius ligature js 
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on applying the ligature, As a result, the atria and 
ventricle stop temporarily, Then the atria take 
the pacemaker. The atria and ventricle 


slower rate, 


Over as 
how beat ata 


| applied in the Ay 
oroove between the atria and ventricle. This prevents 


transmission of impulse from atria to ventricle, The 

ventricle stops temporarily and then starts beating at 

q still slower “idioventricular thythm’ as the ventricle 

becomes its own pacemaker, 

stannius ligatures cannot be applied in man, The 

reasons are: | 

a. The first Stannius ligature cannot be applied as the 
SAN, in humans, is embedded in the atrial wall. 

b. The second ligature is not viable because the ligature 
placed in the AV groove interrupts coronary blood 
flow which is potentially fatal. 


Origin of Cardiac Impulse 7 
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The cardiac impulse normally originates from SAN 
which, therefore, is called the pacemaker of the heart. 
Diastolic depolarization in phase “4” of action potential 
in the SAN gives rise to the automatic generation of 
cardiac impulse. This is called autorhythmicity. 

Heart rate or the frequency of cardiac impulse depends 
on the time taken to reach the firing potential from 
RMP. So, it depends on the slope of depolarization in 
pacemaker potential (Figs. 29.3A and B). 

Sympathetic stimulation, circulating epinephrine, 
norepinephrine, etc. > Stimulate B,-receptors > rise in 
intracellular cyclic adenosine monophosphate (cAMP) 
+ Ca** channels are opened with increased Ca*t- 
influx. Also, CAMP keeps HCN channels open thereby 
increasing rate of Na* influx > slope of pacemaker 


potential becomes steep > heart rate rises (Flowchart 
29.1). 


. Parasympathetic stimulation (vagal stimulation, 


acetylcholine, etc.) > M, muscarinic receptors are 
activated > acting through G protein, special types 
of K’-channels are opened > the resultant efflux of 
K* counters the decay of K* efflux during diastolic 
depolarization > the slope of pacemaker potential is 
flattened > slower heart rate. 

Also, activation of M, receptors > fall in intracellular 
cAMP concentration > reduced entry of Ca** through 
Ca**-channels and also reduced entry of Na‘ ions 
through HCN-channels > flattening of slope of 
pacemaker potential > fall in heart rate. 

When SAN acts as pacemaker, it is called sinus rhythm. 
When AV junction is the pacemaker, it is called “nodal 
rhythm’. When the pacemaker is in the ventricles, it is 
called idioventricular rhythm. 
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Flowchart 29.1: Effect of autonomic nerves on heart rate 
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Effect of autonome nerves on heart rate 
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Vagal stimulation : ‘Sympathetic stimulation 
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Stimulates |, (Na* entry) 
through HCN channels 
and 7 Ca™ entry through 
Ca” -channels 





















Counters |, decay. Also 


|, through HCN channel 
decreased 


Makes slope of 
pacemaker potential 
more steep 


| Increases heart rate 







Flattening of slope of 
pacemaker potential 


Decreases heart rate 


(cAMP: cyclic adenosine monophosphate; HCN: hyperpolarization- 
activated cyclic nucleotide—gated) 


7. Embryologically, SAN was present on the right side 


and AVN was present on the left side of the body. 
That is why stimulations of the right vagus and right 
stellate ganglion (giving rise to sympathetic nerves) 
predominantly act on SAN and mainly affect the heart 
rate. Conversely, stimulations of the left vagus and left 
stellate ganglion predominantly affect the AVN and they 
influence AV conduction. 


Spread of Cardiac Impulse (Figs. 29.6AtoE) \ 
A. In atria: 


1. The impulse spreads all through both atria within 
0.1 second. The right atrium is depolarized first 
but soon both atria are depolarized. This is caused 
by conduction of impulses through the interatrial 
branch of anterior intermodal tract of Bachmann. 

2. The internodal tracts carry the impulse to AV junc- 
tion acting as more rapidly conducting preferential 
channels. 


B. In AV junction: 


1, In the AV junction, the impulse slows down and it 
is transmitted to the bundle of His after some delay, 
This is called nodal delay, The causes of nodal delay 
are: 
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portion, From there, it spreads to the right Side , 
the septum [this produces the septal vector oy ‘, 
electrocardiography (HCG); p. 238), . 
Along with the septal depolarization, there jg * 
carly excitation of papillary muscles, The MUSches 
interventricular septum and papillary muscle, de 
to their early excitation, are the first to contrae, th. 
resulting rigidity of interventricular septum enapy,, 


x efficient contraction of the remaining ventriey. 
\ walls while the early tautening of the papjjj,. 
x muscles prevents eversion of AV valves during 
systole. | 
3 Next, the impulse spreads toward the apex of yp, 
heart along the interventricular septum. [t 
b ther 


29.6A to E: Spread of cardiac impulse in the ventricles. 
e cardiac impulse spreads across the interventricular septum 


comes out from the endocardial to the epicargj,, 
surface and runs back along the walls of tp, 
ventricles toward the AV groove. 








fom left to nght. (8) Depolarization spreads to apex of heart. 
{© Depolarization moves upwards along ventricular walls. (D) Last 
parts to be depolarized (see text). (E) Repolarization starts at the 


apex. 


4, Last parts to be activated are the pulmonary cony, 
posterobasal portion of the left ventricle and the 
upper part of the interventricular septum. 






Repolarization 


1, The depolarization of the ventricles takes 0.08-9 | 
second. After this, they remain in a completely 
depolarized state for a little while. This is followed by 


a. Small size of AV nodal fibers 

b. Fewer gap junctions in these cells leading to 
impaired conduction 

c. Also, the slow-response action potential at this 


site, leads to decreased conduction velocity. 
2. Nodal delay is very important from the physiological 
point of view because: 

a. This delay enables the atria to complete 
their contraction before the ventricle starts 
contracting. This helps in adequate filling of the 
ventricles. 

b. The refractory period at the AVN is very long. 
As a result, the maximum number of impulses 


the repolarization process. 


. Repolarization starts at the epicardial part of the 


ventricle whereas endocardium is still depolarized. 
As a result, the vector (which is directed from negative 
to positive) now lies in the same direction as during 
depolarization. So, “T” wave produced by ventricular 
repolarization in ECG is usually upright (see also 
discussion on ECG; p. 245). 


entering the ventricles from the atria through | Mechanical Properties - 

the AVN has a certain limit. The AV junction 
can transmit maximally about 230 impulses per 
minute from atria to ventricle. So, the maximal | Excitation-contraction coupling: 


Contractility 





rate of ventricular contraction is also limited up to 1, When an action potential reaches the sarcolemma of 
230 beats per minute (a very high ventricular rate 
is undesirable since it decreases diastolic filling 
and hence reduces cardiac output markedly). 

3. Sympathetic and parasympathetic nerves decrease 
and increase nodal delay, respectively. These actions 
supplement their effects on SAN in producing a 
quicker or slower heart rate, respectively. 


C. In ventricles: 


|. The cardiac impulse after passing through the AV 
junction is transmitted via the bundle of His to the 
ventricles. 

2. The part of the ventricle to be activated first is the 
left side of the interventricular septum near its mid 


the cardiac muscle cell, 

a. It passes along the T-tubules and causes opening 
of a Ca**-channel present in the dihydropyridine 
(DHP) receptor in the T tubule. 

b. It opens Ca**-channels in the sarcolemma during 
the plateau phase. 


_ Via both the above routes, Ca” ions enter into the cel 


cytoplasm but they, by themselves, are insufficient © 
cause muscle contraction. 

However, these Ca" ions trigger further ou(pou! Ing 
of Ca‘ ions from a Ca‘'-channel in the ryanodine 
receptor present in the terminal cistern of sarcoplasimc 
reticulum. 
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Ca** 
oHP YY | 
receptor Troponin C 
T tubule 


Fig. 29.7: Ca-dependent Ca release in cardiac muscle cell (schematic). 
(DHP: dihydropyridine) 


This is known as Ca**-dependent Ca** release. Now, 
sufficient Ca** concentration is achieved to bring about 
contraction of cardiac muscle (Fig. 29.7) 


Note: 

The Ca**-dependent Ca* release from sarcoplasmic 
reticulum is quantitatively much greater than Catt 
released in a skeletal muscle. The resulting increased 
cytosolic [Ca**] helps in sustaining a more prolonged 
cardiac muscle contraction (for about 300 ms) compared 
to a skeletal muscle contraction (100 ms). 


3, Ca” entry in cardiac muscle has another important 
feature not found in skeletal muscle as follows: 

The T tubules in cardiac muscle are much larger and 
they can store a large quantity of Ca** ions. As an action 
potential enters T tubule, Ca** ions enter the cytosol 
through Ca**-channel present in T tubule, 

Again, the sarcoplasmic reticulum in cardiac muscle 
isnot well developed. Thus, it appears that the T tubule 
has a greater role in Ca**-releasing function than 
sarcoplasmic reticulum. 

So, we find that there is prominent involvement 
of the T tubules in Ca** release in cardiac muscle. 
Therefore, Ca** concentration in extracellular fluid 
(ECF), which is in direct contact with the T tubules, 
directly controls force of cardiac contraction. 

In contrast, ECF [Ca**] concentration has very little 
‘irect effect on force of skeletal muscle contraction. This 
's because skeletal muscle contraction is dependent 
°n Ca" release from “intracellular” sarcoplasmic 
““ticulum, to which ECF has no direct access. 

this explains why a skeletal muscle can contract in 
‘ Ca’*-free environment but a cardiac muscle whose 
°ntraction depends on ECF Ca’ concentration, stops 
~ontracting in Ca**-free environment. 
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4, Asinskeletal muscle, Ca‘' tons bind to troponin C. this 
results in a conformational change of troponin-tropo- 
myosin complex with displacement of tropomyosin. 
This uncovers the binding sites on actin, with which the 
myosin heads bind, This is the basis of muscle contrac- 
tion, 

- Force of cardiac muscle contraction can also be 
increased by rise in intracellular {Ca’]. 

This may be caused by: 

a. Sympathetic stimulation or rise in circulating 
catecholamines. 
Mechanism: Sympathetic stimulation or rise in 
catecholamines stimulates adenylyl cyclase, which 
breaks down ATP in to cAMP > cAMP, in turn, 
stimulates cAMP-dependent protein kinase, which 
phosphorylates Ca**-channels > opening of Ca’*- 
channels with Ca’ entry. 

b. Drugs like digitalis: 
The Na*/K+-ATPase pumps 3 Na’ ions out of the 
cell. Digitalis inhibits Na+/K+-ATPase and so 
intracellular (Na*) concentration rises, as Na* ions 
are no longer pumped out. So, difference of Na’ 
concentration, i.e. Na*-gradient across (between 
two sides of) cell membrane is decreased. (Note 
that Na‘ concentration outside the cell is very high). 

Entry of Na’ into the cell depends on Na’-gradient. 
So, as Na’-gradient decreases, less Na’ enters into 
the cell through Na*-Ca** exchanger. Now, through 
Na*-Ca** exchanger, Na’ enters into the cell in 
exchange of Ca** ions, which move out of the cell. 
As Na’ entry is less, it will cause less exit of Ca” ions 
from the cell. In other words, there will be a rise in 
intracellular Ca** concentration, which will increase 
force of cardiac contraction. 

Force of cardiac muscle contraction, unlike 
skeletal muscle, can be augmented by sympathetic 
stimulation or digitalis, which increases cytosolic 
Ca** concentration. This is because the amount 
of Ca** ions released from the sarcoplasmic 
reticulum in a normal cardiac muscle contraction 
is not sufficient to saturate all the binding sites on 
troponin C, which occurs in case of skeletal muscle 
contraction. So, in cardiac muscle, additional Ca” 
ions can bind to troponin C following sympathetic 
stimulation or digitalis administration. Thus, force 
of cardiac contraction can be increased. 


Note: 


Skeletal muscle usually increases force of contraction 
by summation of contractions and recruitment of motor 
units. In cardiac muscle, the long refractory period 
precludes summation while the presence of functional 
syncytium prevents recruitment, 
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So, cardiac tuscle Increases force of contraction by 
two separate mechanisms, i.e. increase iN sympathetic 
stimulation and increase in initial length of cardiac 
muscle (see later). 


6 Relaxation of cardiac muscle occurs when 
a. Ca ions are pumped back into sarcoplasmic 


: 


reticulum by a ATP-powered Ca-pump, which — 
jowers cytosolic Ca’’ concentration. This Ca-pump | 


is called SERCA (sarcoplasmic and endoplasmic 
reticulum Ca‘‘-ATPase). Normally, a protein 
called phospholamban inhibits SERCA, However, 
sympathetic stimulation leads to phosphorylation 
of phospholamban. As a result, its inhibiting effect 
on SERCA is withdrawn. So, SERCA continues 
to pump Ca*™ into the sarcoplasmic reticulum 
from cytosol. Cytosolic Ca** is reduced and thus 
relaxation is enhanced by sympathetic stimulation. 
So, one can see that sympathetic stimulation or rise 
in circulating catecholamines helps in relaxation of 
cardiac muscle in addition to augmenting force of 
cardiac contraction. 

b. Cytosolic Ca** concentration is also lowered by 
increased transfer of Ca*’ outside the cell by Na’/ 
Ca™ exchanger. 

c. A Ca™-pump also partly contributes to extrusion of 
Ca™ outside the cell. 

d. Lowered cytosolic |Ca*’| leads to dissociation of Ca” 
ions from troponin C > this results in ttopomyosin 
sliding back to its original resting position which 


blocks the myosin-binding sites on actin. Cross- 


bridge formation between actin and myosin ceases 
and the muscle relaxes. 


Factors Affecting Force of Contraction 


Effect of preload: 
|. Preload means the load acting on the heart before it 


has started contracting. Jt is equal to the amount of 
blood present in the heart at the end of diastole, which 
is Called end-diastolic volume (EDV). EDV is again 
proporuonal to end-diastolic fiber length (EDFL). 


- “ Prank-Starling’s law" states that within physiological 


limits, the force of contraction of cardiac muscle is pro- 
poruonal to the iniual length of cardiac muscle fibers. 

Inival length of cardiac muscle fibers is the same 

as EDEL, which is proportional to EDV or preload. So, 
Frank-Starling’s law can also be stated in the lollowing 
way: 

Greater the preload, greater is the force of contraction 
within physiological limits. This can be demonstrated 
graphically by plotting preload in x-axis against force 
of contraction in y-axis, The resulting curve, as shown 


i 


Force of cardiac contraction 


“ Descending lit, 


Ascending | 
limb \ 





I 
Preload / EDFL 


Fig. 29.8: Graphical depiction of Frank-Starling’s law. 
(EDFL: end-diastolic fiber length) 


in Figure 29.8, has an ascending limb, a peak whic) 
represents the physiological limit and a descending 
limb. This signifies that as preload increases withiy 
physiological limit, force of contraction also increases 
Force of contraction is highest at the peak of the curve, 
which is the physiological limit. But, once preload 
crosses physiological limit, force of contraction 
decreases as is evident from the descending limb. 

It should be noted that under normal physiologica! 
conditions, the descending limb usually does not come 
into operation. In the descending limb, the preload 
or EDV is very high and the excessive stretch on the 
ventricular wall leads to disruption of muscle fibers. 
This is one reason why force of contraction decreases 
when the heart is overstretched (see also below), 


3. The cardiac muscle has a high passive tension. Nea! 


the physiological limit, the high passive tension 0! 
cardiac muscle tends to prevent further expansion ° 
ventricles. So, cardiac muscle usually operates only !! 


Wate limb. 


mr 


plication of Frank-Starling’s law: 
b 


In early stage of LVF (left ventricular failure), ventricul! 
output is decreased > accumulation of blood in le! 
ventricle > increased EDV within physiological linmutls 
» increased cardiac output due to operation of Prank 
Starling’s law in the ascending limb —» compensalll! 
of heart failure. 
Lett ventricular failure or LVE is a condition whet 
the left ventricle fails to pump out the quantity of blood: 
which it normally ejects. 


. tone ventricle ejects less, EDV in that ventricle incre 


> according to Hrank-Starling’s law, ventricular oulpul 
Increases in the next beat restoring balance. 
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oxtrasystolic potentiation is Another 
on of Starling’s law (see below), 
when supine person suddenly ASSUMES AN Cree 
sosture, venous return to the heart decreases 48 blood 
‘ pooled in the lower extremities due to Bravity, WDV 
is decreased and due to operation of Frank-Starling’s 
law, stroke volume and consequently blood pressure 
(BP) rend to drop immediately, However, compensatory 
mechanism, &.8. baroreceptor reflex (p. 210) comes 
nto play preventing fallin BP. When the compensatory 
mechanisms fail to operate due to some cause, BP falls 
and this is the basis of postural hypotension (BP) 
in complete heart block, the atria and ventricles 
peat independently. The ventricles beat at a low rate 
of 35-45/min. This is called idioventricular rhythm, 
However, as the interval between two successive beats 
increases due to the low heart rate, the diastolic filling 
in each cardiac cycle is enhanced. This greater EDV, 
according to Frank-Starling’s law, produces a much 
increased stroke volume and this ultimately raises the 
minute output to a sufficiently high level in spite of the 
very low heart rate (for stroke volume, minute output, 
see p. 200). 


post YAM plo of the 


Volecular basis of Frank-Starling’s law: 


l. 


i) 


Co 


According to Frank-Starling’s law, within physiological 
limits, force of contraction is proportional to initial 
length of cardiac muscle fiber (EDEL). 


_If EDFL is plotted in x-axis and force of contraction 


in y-axis, a hump-like curve is obtained (vide supra). 
Its ascending limb corresponds to contraction 
within physiological limit, the summit of the curve 
is the physiological limit and the descending limb 
corresponds to the situation when contraction has 
exceeded physiological limit. 


_ Thus, the force of contraction gradually increases with 


increasing EDFL within physiological limit. Then it 
reaches a peak value and after that as EDFL crosses the 
physiological limit, force of contraction decreases. 


_ The molecular basis of the above phenomenon is as 


follows (compare with molecular basis of length- 

‘ension relationship in skeletal muscle, p. 55): 

4. When the EDEL is small, the length of sarcomere 
is also small. In this situation, the thin filaments 
remain interdigitated. So, the myosin cross- 
bridges cannot bind to actin optimally. So, force of 
contraction is less. 

_ As the EDFL increases, the length of sarcomere 
increases. As a result, the interdigitation of thin 
lilaments decreases. Greater number of myosin 
cross-bridges can now bind to actin. As a result, 
lorce of contraction also increases. 


— 
— 


ardiac Muscle 


(ALA sarcomere length of about 2.2.2 pm there Is 
NO Interdigitation of thin filaments. The number 
Of cross-bridges that can bind to actin is maximal 
50, force of contraction, at this point, reaches 4 
peak value, This is the physlological limit and 
corresponds to the summit of the curve. 

When EDEL ts even greater (Le, crosses the 
Physlological limit), the force of contraction 
decreases, This corresponds to the descending 
limb of the curve, ‘This may be due to disruption 
of muscle fibers (see above), This may also be due 
to the fact that when the EDFL is much greater, the 
thin filaments move away from the thick filaments, 
thus reducing the number of cross-bridges. 

e. The main drawback of this “myofilament overlap” 
theory in the cardiac muscle is that the active 
tension pattern of cardiac muscle has a sharp rise 
and fall between sarcomere lengths of 1.8-2.4 1. This 
is not seen in skeletal muscle although the filaments 
of both types of muscle have the same length and 
diameter. 

f. According to an alternative theory, in case of cardiac 
muscle, increase in muscle length reduces the 
lateral spacing between thin and thick filaments. 
This is believed to enhance cross-bridge interaction, 
thereby increasing force of contraction. 

g. Another theory suggests that the elongation of 
sarcomere beyond 1.8 ut opens stretch-sensitive 
Ca‘*-channels in the muscle cell. This increases 
Ca" influx into the muscle fiber and this augments 
force of muscle contraction and increases muscle 
tension. 

h. Under normal circumstances, the cardiac muscle 
length does not exceed the point of maximal 
contraction (the physiological limit). So, the 
descending limb usually does not come into 
operation. 


-_ 
—- 


Effect of afterload: 
1, Afterload is the load encountered by the heart after it 


has started contracting. In case of the left ventricle, it is 
the pressure of blood in the aorta. 


. Higher the afterload, less is the velocity of ventricular 


shortening — less is the ventricular output > increased 
EDV — ventricular output is restored, according to 
Frank-Starling’s law. 


. In case of severe exercise, the ventricular output must 


be high to meet the body’s requirements of O. and 
nutrients. For this, afterload must be low. This is indeed 
so, as there is massive vasodilation in skeletal muscle 
blood vessels. This lowers peripheral resistance and 
afterload is decreased. 
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Inotropic state or contractility is the maximal ability to 
generate contractile force independent of preload and 
afterload. Inotropic state is believed to be related to the 
rate of recycling of cross-bridges between thin and thick 
filaments. 


_ The force-velocity curve (also known as load-velocity 


curve), as shown in (Figs. 29.9A and B), is obtained by 
plotting the velocity of shortening of cardiac muscle in 
y-axis against afterload in x-axis. 


_ At a particular initial muscle length, as the afterload 


decreases, the velocity of shortening increases. The 
curve can be extrapolated to obtain a velocity of 
shortening when the afterload is zero. This maximal 
velocity of shortening (known as V, or V_,,) indicates 
the maximal rate of cycling of cross-bridges, This V, or 
\__ is supposed to be an index of contractility. 


- Ttisto be noted also that if afterload is increased, velocity 


of shortening decreases. The velocity of shortening 
becomes zero when the afterload is increased to equal 
maximal force generated by cardiac contraction. Thus, 
this maximal force of cardiac contraction is obtained 
from force-velocity curve when velocity of shortening 
is ZeTO. 

Different force-velocity curves can be obtained if the 
initial lengths (I, |.) of cardiac muscle are different 
(Fig. 29.9A). However, if these curves are extrapolated, 
it is found that they have a common V, or maximal 
velocity of shortening. Thus, contractility remained 
the same although the maximal force generated by the 
two muscles increased with increasing muscle length 
(P, >P, when |, >|). 

However, if force-velocity curve is elicited after 
administration of adrenaline (Fig. 29.9B) and compared 
with a control, it is found that not only greater force is 
produced (L, >L,) even when the muscle length is the 
same, the V, also shows an increase. Thus, it can be 
inferred that adrenaline increases contractility, i.e. it 
is a positive inotropic agent. 

Inotropic state depends mainly on availability of Ca” 
ions in the contractile machinery. 

Positive inotropic agents (agents which increase force 
of cardiac contraction) are catecholamines, digitalis, 
etc. 

Negative inotropic agents are $, -blockers, Ca*’-channel 
blockers, etc. These agents decrease force of cardiac 
contraction. 


Some instances of variations in inotropic state: 


hi 


Size of the action potential: Bigger the size, longer is the 
plateau phase — greater Ca’ entry into the muscle cell 
as Ca** enters into muscle cell during plateau phase > 
increased contractility. 
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2. [Ca*'] in ECF: Increased [Ca‘'| in ECP -, Bre. 
Ca" entry into the cardiac muscle cell ~» increas” 
contractility. Very high ECF [Ca*’] leads to exons 
entry of Ca‘ into muscle cell causing stoppage o¢ . 
heart in systole. This is known as calcium rigor . 

3. Decrease of Na’ -gradient across cell membrane: Digitas 
by inhibiting Na’/K*-ATPase, decreases Na’-gradie, 
(as the Na’ ions normally pumped out of the cell, 
Na‘/K*-ATPase no longer go out of the cell, there j. - 
increase in intracellular Na’ concentration. Thus th 
Na*-gradient across the cell membrane is reduce ) : 
so, less amount of Na’ comes into the cell through jy, 
Ca** exchanger (as this entry of Na’ is driven by y,- 
gradient across the cell membrane) — in exchange, Les 
Ca** goes out of the cell — this increases intracellyj, 
Ca** concentration —> increased contractility. 


4. H* ions have strong affinity to bind with troponjy 


C, displacing Ca** ions. So, in acidosis, where {}; 
concentration is high, lesser number of Ca~ ions bing 
with troponin C. Asa result, contractility is diminished 
On the other hand, in alkalosis, contractility increases, 


5. Force-frequency relation has been explained below in 


connection with staircase phenomenon. 

Ca** channel blockers e.g. verapamil, diltiazem, 
nifedipine, etc. block Ca™ entry into cardiac myocytes 
through L-type Ca channels during the plateau phase 
of cardiac action potential. The reduced intracel- 
lular Ca** decreases contractile functions of cardiac 
myocytes. Thus, Ca** channel blockers act as negative 
inotropic agents in cardiac muscle. 


Ca** channel blockers have one useful function. The Ca” 
channel blockers by blocking the passage of Ca” through 
Ca** channels, reduce intracellular Ca** concentration 
and antagonize contraction of vascular smooth 
muscles. Thereby, they cause their relaxation leading (0 
vasodilation. This decreases peripheral resistance a0 
reduces afterload. 

The dual actions on heart and blood vessels makt 
the Ca’ channel blockers very effective drugs to manas* 
cardiac diseases such as hypertension (by reducing 
contractility and decreasing afterload) and angina (by 
lowering cardiac work and hence O, need). 


Refractory Period (Figs. 29.10A and B) 


1. On being excited by a stimulus which produces an 
y 


AP, the cardiac muscle cells become partially Of 
unresponsive to a second stimulus for some time 
period of diminished responsiveness of the cardia’ 
muscle when excited by a stimulus, is called eff cio” 


period. 
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Figs. 29.9A and B: (A) Load-velocity curves of cardiac m 
gifferent maximal forces of contraction (P, > P.;1, > |); (B 
langth. The adrenalized muscle shows increased Vv 


| 


<—____ ARP, “SNP 
eae “oe SNP 
eee 
Ly bia tei 


Figs. 29.10A and B: (A) Refractory period in relation to cardiac action potential caused by a stimulus; (B) 


ardiac Muscle 


Ving (Adronalized) 






Vinge (CONtTO!) 


A — Adrenalized 
C — Control 


Velocity of shortening 


Load 


uscle of two different initial lengths (I, and |.) sharing a common V_. but having 
) Load-velocity curves of control (C) and adrenalized (A) cardiac muscles of same 
wx 2d increased maximal force of contraction (L 21). 
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a Is nonpropagated local response 


caused by stimulation during ERP;“b" and “c” are propagated action potentials produced on stimulation during RRP and after FRT respectively. 


(ARP: absolute refractory period; ERP: effective refractory period, RRP: relative refractory period; SNP: supernormal period; 


| TRP: total refractory period; FRT: full recovery time) 


-. Absolute refractory period (ARP): It is the period during 
which a stimulus, however strong it may be, fails to 
excite the cardiac muscle cell after it has become 
unresponsive following an earlier stimulus. ARP 
extends from the beginning of the “0” phase to about 
half of phase “3” of the fast response cardiac action 
olential. The relation of action potential caused by a 
‘imulus and ARP has been shown in Figures 29.10A 

ad B, 
lective refractory period: This is the period during 
ich only a stronger than normal stimulus may 


produce a nonpropagated local response but fails 
to generate propagated action potential in a cardiac 
muscle cell after it has become refractory following 
application of a previous stimulus (this is easier to 
determine in a network of muscle cells and so it is 
frequently used), 

Note that this period includes ARP. 

. Relative refractory period: This is the period during 
which only a stronger than normal stimulus can 
produce a propagated action potential in a cardiac 
muscle cell, which has become unresponsive tollowing 
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In cardiac muscle, the ARP is quite 
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previous stimulus, This period is in 
action potential and immediately 








application of a 
the later part of the 
follows the effective refractory period, 
Note that this period does not inclu 
Supernormal period: This 1s the period d 
excitability of the cell is greater than norm 
cell can be excited by a subthreshold stimulus. | 
The period extending from the beginning of action 
potential to the end of supernormal period is termed 


full recovery time. 


de ARP. 
uring which the 
al so that the 


long (about 200 


ms). The contractile response is over by the time ARP 
ends and the muscle is in the phase of relaxation 
(Fig. 29.11). So, repeated stimuli fail to produce 
sustained contraction which is required to produce 
a tetanus. In other words, cardiac muscle cannot be 
tetanized. 

This has great protective value. This is because 
in tetanus, there is sustained contraction of cardiac 
muscle for a prolonged period without intermittent 
relaxation. This would have led to failure of cardiac 
pumping which requires alternate contraction and 
relaxation. This would result in circulatory standstill 


with fatal result. 


Staircase Phenomenon (Treppe) (Fig. 29.12) 








|. If the frequency of action potential is increased 
in cardiac muscle due to rise in heart rate, there 
is concomitant progressive increase in force of 
contraction up to a new elevated level. This is called 
staircase phenomenon (treppe). This is also called 
force-frequency relation. 

This is explained by gradual increase in intracellular 
Ca™ concentration, which occurs due to the following 
reasons: 

a. The increased number of action potentials leads 
to increased number of plateau phase periods per 
minute. So, total duration of plateau phase per 
minute is increased. As Ca” enters into the cardiac 
muscle cell during plateau phase, intracellular Ca*’ 
content increases, 

b. When the intervals between successive action 
potentials decrease with increasing heart rate, [Ca*’| 
concentration in the cardiac muscle cell shows an 
increase. This is possibly due to several factors, e.g. 
i. Less time for Ca*’ extrusion by sarcolemma. 

ii. Diminished Na’-Ca‘' exchange, possibly 
due to diminished transmembrane Na’- 
gradient, resulting in raised intracellular Ca" 
concentration. 

(With increased frequency of action potentials, 
rate of Na‘ influx into cells increases. This 
decreases transmembrane Na’-gradient. | 
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Fig. 29.11: Cardiac action potential and corresponding mechapj-. 
response. Note that the cardiac muscle has almost completeg : 
relaxation phase by the time ARP is over. . 


(ARP: absolute refractory period) 
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Force of contraction 





Increase in heart rate 


Fig. 29.12: Staircase phenomenon. 


Postextrasystolic Potentiation (Fig. 29.13) 


1. Under normal circumstances, the heart beats at regu! 
intervals. Now, ifa heartbeat occurs prematurely before 
the usual timing, it is called an extrasystole. It is week 
as the blood ejected is smaller in amount due (0 lowe! 
EDV. (As the interval between the premature Deal and 
its previous beat is shorter, the ventricles have less Ume 
to fill.) 

2. The next regular impulse from the pacemaker Usst€ 
(e.g. SA node) finds the heart in a refractory state. 484 
result, there is no contraction. | 

3. The very next impulse produces a stronger beat. ‘The 
interval between this postextrasystolic beat and the 
previous beat (extrasystole) is longer than normal and 
it is called compensatory pause. ‘The production of a 
stronger postextrasystolic beat is called postextrasy> 
tolic potentiation. 
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Extrasystole 


Stronger than usual 
beat (postextrasystolic 
potentiation) 






Compensatory 
pause 









| indicates timing of regular impulse 


Fig. 29.13: Extrasystole (premature beat), compensatory pause and postextrasystolic potentiation 


4. The stronger beat is due to: 
a. Greater accumulation of blood in ventricle during 


All-or-none Law 
It means that the heart will either contract fully or none 








the prolonged compensatory pause +> greater 
EDV — increased force of contraction according to 
Frank-Starling’s law. 

. Ca” ions are normally taken up by the sarcoplasmic 
reticulum during relaxation but about 500-800 ms 
must elapse before the Ca** ions can be released back 
into the cytosol. Due to this delay, in a premature 
beat, all the Ca** previously taken up is not released. 
The remainder remains stored in the sarcoplasmic 
reticulum. This Ca** is now added to Ca’ taken up 
following the premature beat and this increased 
amount is released in the next beat leading to a 
stronger contraction (postextrasystolic potentiation). 


at all. This is true as we find that cardiac muscle contracts 
fully when excited by a threshold stimulus and the force 
of contraction does not increase any further even if the 
stimulus is stronger than threshold (suprathreshold). 

However, there are some exceptions. These are: 

1. Extrasystole 
2. Varying inotropic state 
3. Changing initial length of cardiac muscle fiber. 

In all these conditions, the cardiac muscle contracts 
variably which apparently violates all-or-none law. 
However, barring these exceptions, the cardiac muscle 
follows all-or-none law. 
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Cardiac Cycle, Venous Wave, 
and Venous Returp 





















B INTRODUCTION Bes _— 

a2 Atrial diastole 
The events occurring repeatedly in the heart in a cyclical a? (first part) 
fashion constitute the cardiac cycle. If the heart rate is 75/ 8s 0.3 sec 
min, 75 cardiac cycles occur in 1 minute or 60 seconds. = | 





Therefore, the duration of one cardiac cycle = 60/75 = 0.8 sec. 
These events are—(1) atrial and (2) ventricular. 
Each, again, can be divided into two main divisions— 
(1) Systole (phase of contraction) and (2) diastole (phase 
of relaxation). 





§ ATRIAL EVENTS 


«+ The atrial systole has a duration of 0.1 sec. This coincides 
with last (2nd) rapid filling phase of ventricular diastole 
(Fig. 30.1). 

*- Atrial diastole is long (duration is 0.7 sec). 

* Atrial contraction helps in the pumping of only 30% 
of blood that enters the ventricles from the atria in | 
ventricular diastole. The remaining 70% of diastolic Ventricular systole 
inflow into ventricles from atria is passive and does not _ 
require atrial contraction. Hence, in atrial fibrillation, 
where there is no effective atrial contraction, there is no 
active flow of blood from atria to ventricles during atrial 
systole. Stull, the patient survives as ventricular filling This explains why a patient with atrial fibrilladon feels 
is maintained by the passive flow of blood from atria. | fatigued during exercise. 

Atrial fibrillation is a condition where the atrial muscles 

contract in a totally uncoordinated fashion likes a “bag of | JJ VENTRICULAR EVENTS (FIGS. 30.2 AND 30.3) 

worms” Due to this ineffective atrial contraction in atrial Th swe 

systole, active atrial output (amount of blood ejected by e ventricular systole has a duration of 0.3 sec = 

atrial contraction) is almost nil. ventricular diastole extends for 0.5 sec. These stages a 

However, one must note that atrial contraction plays further divided into: 
a vitally important role during exercise. During exercise, 


Protodiastole (0.04 sec) 
lsovolumetric relaxation phase (0.06 sec) 
First rapid filling phase (0.1 sec) 
Diastasis (0.2 sec) 

Second rapid filling phase (0.1 sec) 
lsovolumetric contraction phase (0.05 sec) 
Rapid ejection phase (0.11 sec) 
Slow ejection phase (0.14 sec) 


Fig. 30.1: Relation between atrial and ventricular events in 
cardiac cycle. 


the heart rate is very high and this shortens the diastole Systole 

considerably. It is the active atrial contraction, acting as 1. lsovolumetric contraction phase—0.05 sec 
a booster pump that improves ventricular filling to a | 2. Rapid ejection phase—0.11 sec. 
satisfactory extent during the shortened diastole. 3. Slow ejection phase—0.14 sec. 
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AC CYCIO, Venous Waves and Venous Return 


Prolodiastole 
lanvolumatric ralayation phase 
Firat rapid filling phase 


Diastasia 


+— Aortic prassure curve 


+———— Venous pressure curve 


Left ventricular 
pressure curve 


| 
| «— ECG tracing 





Ventricular 


Ventricular 
| systole : Atrial 
ane diastole systole 
syS 
i rs 
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a -» Closure of atrioventricular valve causing S, 


b + Opening of atrioventricular valve with end of 
isovolumetric relaxation 


Fig. 30.3: Changes in ventricular volume during cardiac cycle. 


Diastole 


|. Protodiastole—0,04 sec 

¢. Isovolumetric relaxation phase—0.06 sec 
». First rapid filling phase—0.1 sec 

4, Diastasis—0.2 sec 

). Last (second) rapid filling phase—0.1 sec. 


Fig. 30.2: Changes n re ee left intraventricular Pressure, venous pressure, and ECG waves during cardiac cycle [these changes 
together with ventricular volume changes (in Figure 30.3) are depicted above in what is known as Wigger’s diagram]. 


Description of events in left ventricle: 
1. As diastole ends, the ventricle is filled with blood. Now, 


the ventricle starts contracting, commencing a new 
systole. The intraventricular pressure tends to rise and 
blood tends to back flow into the atria. At this point, the 
atrioventricular (AV) valves, which prevent back flow of 
blood from ventricles to atria, close producing the first 
heart sound (S. ). 


. With this, the ventricle becomes a closed cavity and the 


volume of the ventricle becomes fixed. So, this phase of 
contraction is called isovolumetric contraction phase. 


. Previously, this was called isometric contraction phase. 


But, strictly speaking, this is incorrect since small 
changes in length occur in some muscle fibers during 
this phase. 


. Strong contraction of ventricular muscle exerted on 


the blood confined within the closed ventricular cavity 
results in sharp rise of intraventricular pressure (note that 
blood is incompressible). When this pressure exceeds the 
aortic pressure (80 mm Hg), the aortic valve opens. Now, 
blood begins to flow into the aorta at a high velocity. This 
marks the beginning of the rapid ejection phase. 


. With continued ventricular contraction, both intraven- 


tricular and intra-aortic pressure rise, to usually a peak 
of 120 mm Hg in this rapid ejection phase. ‘the intra- 
aortic pressure rises because blood enters the aorta at 
a greater rate than the run-off of blood from the aorta 
to the periphery. 
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cted from the ventricle, intra 


6. After some blood is eye 
ventricular pressure begins to drop in th | . 
systole. As a result, ejection becomes reduced, This ts 
the reduced ejection phase. The intra-aortic pressure 
also drops as the run-off of blood to periphery now 
exceeds the amount of blood coming Into the aorta. 

In the last part of ejection phase, the intraventricular 
pressure becomes lower than intra-aortic pressure. 
Still. blood flows from the ventricle into the aorta due 
to inertia (also see below). | 

> At the end of systole, diastole (ventricular relaxation) 

begins. Initially, the intraventricular pressure is lower 

than the aortic pressure. In spite of this, the semilunar 

(aortic) valve fails to close as blood continues to flow 

from the ventricle into the aorta due to inertia. This 

phase is called protodiastole. 

Ultimately, the force of inertia wanes. Now, the 

direction of blood flowis reversed and blood now flows 

from a higher pressure in the aorta to a lower pressure 
in the ventricle. As a result, the aortic valve, which 
prevents flow of blood from aorta to ventricle, closes. 

This produces the second heart sound (S,) which marks 

the end of protodiastole. 


ge 


When the aortic valve closes, blood flowing back 
from aorta to left ventricle is obstructed and reflected 


back from the closed aortic valve. This creates a notch 
in the aortic pressure curve, known as dicrotic notch. 

9. Clinical systole is the period between S, and S, and 
includes protodiastole besides true systole. 

10. When the aortic valve closes, the ventricle once again 
becomes a closed chamber. The ventricle now undergoes 
isovolumetric relaxation. The intraventricular pressure 
falls rapidly and ultimately becomes lower than the 
atria] pressure. At this point, the AV valves open. This 
marks the end of isovolumetric relaxation phase and 
beginning of first rapid filling phase. 

11. In the first rapid filling phase, blood rapidly flows into 


the relaxed ventricle from the atria. The third heart 


sound is produced due to the rapid flow of blood into 
the ventricle. 


Note 

The third heart sound is produced a little later than the 
opening of the AV valves. This is because, in the initial 
part of first rapid filling phase, the ventricular wall is 
flaccid and inelastic. Only after some amount of blood 
enters into the ventricle and makes the ventricular wall 
taut and elastic that further flow of blood from atria to 
ventricles can produce the third heart sound. 


12. When the pressure gradient between atria and 
ventricles is reduced after the initial rapid flow, blood 
flow becomes very slow. 


ardiovascular System 


e later part of 
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This is the period of diastasis. When tachyeg 
causes diastolic shortening, this phase of diasto), 
shortened most. 

In the last part of ventricular diastole, atria] ¢ so 
begins and blood again flows rapidly into the vente 
from the atria. This is the last or second rapid fil, 
phase. The fourth heart sound occurs at this stage dy. s 
on rush of blood from the atria to the ventricles, The en 
of the last rapid filling phase marks the end Of diasto), 
and a new cardiac cycle begins. 

Events in the right ventricle are similar to those ip the 
left ventricle except that the pressure of blood in righ; 
ventricle operates at a much lower level. 


4 


I 


Points to note: 

1. One should note that the ventricle ejects only about hai 
the blood contained in it when it is completely full at th, 
end of diastole. The volume of blood remaining ingiq, 
the ventricle at the end of systole is called end-systgjj, 
volume. It is about 65 mL and it is the least volum, 
of blood present in the ventricle at any point of time 
during the cardiac cycle, in the resting state. 

9. Most of the ventricular filling takes place during the 
first rapid filling phase. When the heart rate becomes 
very high as in severe exercise, diastole is considerably 
shortened but the duration of first rapid filling phaseis 
not much affected. So, ventricular filling is not much 
impaired during exercise. 

3. During diastasis, both the atria and ventricles are in 
diastole and the AV valve is open. Blood flowing into the 
atria from the great veins creates a very small pressure 
gradient, which drives blood very slowly into the 
ventricles. Thus, blood flow persists albeit very slowly. 

4. Diastasis is shortened most during shortening o! 
diastole that occurs during tachycardia as in exercise. 
But, as there is very little inflow of blood into the 
ventricle during diastasis, ventricular filling is not much 
affected. 

5. At the end of diastole, the volume of blood contained 
inside the ventricle is called end-diastolic volume 
(EDV). Itis about 135 mL and it is the maximum volume 
of blood contained in the ventricle at any point of ume 
during the cardiac cycle, in the resting state. 


Jugular Venous Waves (Fig. 30.4) 


The changes in right atrial pressure cause waves 1D internal 
jugular vein by back pressure. 

These are known as jugular venous waves. 

There are three upward waves 4, ¢, and v. Also, there ale 
two downward waves x and y. The upward waves obviously 
indicate rise in intra-atrial pressure whereas downwat 
waves indicate fall in intra-atrial pressure. 
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/\ p c, Intrathoracic pressure—greater intrathoracic pressure 
increases CVP, 






m f Bl FACTORS CONTROLLING VENOUS RETURN (FIG. 30.5) 
Fig. 30.4: Jugular venous waves (see text). 1. Cardiac suction—cardiac pumping increases venous 
return by suction effect as follows: 
Now, a. During ventricular systole (ejection phase), the 
awave > Caused by atrial systole. ventricles shorten. The AV valve ring is pulled 
«wave > Caused during isovolumetric contraction down and the atrial cavity enlarges. The intra-atrial 
phase due to bulging of a-v valves into the atria. Intra-atrial pressure drops and blood is sucked into the atria 
volume is reduced and intra-atrial pressure rises, from the great veins. 
y descent + Caused during ejection phase when there b. During diastole, the ventricular cavity rapidly 
s ventricular shortening. The a-v valve rings are pulled enlarges and there is a transient fall in intra- 
downward. This leads to atrial dilatation and pressure-drop ventricular pressure. This creates a vena cava-atria- 
inside atria. ventricle pressure gradient and sucks in blood from 
» wave > Caused by accumulation of blood in atria the great veins. 
before opening of a-v valves. 2. Mean systemic filling pressure (MSFP)—if the roots of 
y descent > Caused as atrial pressure drops due to the ascending aorta and the great veins are clipped, 
- flow of blood from atria to the ventricles during first rapid circulation comes to a standstill. In this situation, 
filling phase. the pressure in the systemic vessels after reaching 
_ These venous waves are recorded by Mckenzie’s equilibrium is known as MSFP (about 7 mm Hg). 
_ polygraph. MSFP - CVP = the pressure that causes venous flow 
fi In congestive (right-sided) heart failure (p. 261), the or venous return. So, an increase in MSFP can cause an 
_ jugular venous pressure is high due to back pressure. As increase in venous return. 
 aresult, jugular veins in the neck are engorged and the There is another term called “mean circulatory filling 
__ upper ends of venous waves are visible at a higher level pressure” (MCFP). When the entire circulation comes 
than normal. This is an important, easily demonstrable sign to a stop following stoppage of the heart, the pressure 
of congestive heart failure. exerted on blood vessel wall is called mean circulatory 
In complete heart block, atrial and ventricular filling pressure. 


contractions occur independently. 
Sometimes, atria and ventricles contract 





simultaneously. In this situation, atrial systole takes place Respiratory 
against closed tricuspid valves. The intra-atrial pressure pump 
rises tremendously and atrial blood backflows sharply into 
jugular veins, This produces what is known as cannon wave. Sympathetic 

A similar situation occurs in nodal rhythm where Oa oe! 


the cardiac impulse arises from the AV node in place of 
sinoatrial (SA) node. This causes simultaneous contraction 
(! atria and ventricles. Here also, cannon waves are found. 


‘a’ wave is absent in atrial fibrillation because there is Venous 
"0 effective atrial contraction in this condition. return 
Central venous pressure (CVP): It is the pressure of Blood (=) Skeletal 
odin the great veins, which drain into right atrium. So, it volume 4 aaah 
‘ls right atrial pressure. It is a measure of venous return f 


determines preload by influencing EDV. 
Viore the CVP, less is the venous return (due to back 








sure of CVP). However, one should note that less the Cardiac 

‘US return, less is the CVP. Suction 
depends on: 

‘enous return 

Cardiac pumping (cardiac pumping empties atria and Fig. 30.5: Factors controlling venous return. 


»/€al veins, So, CVP is reduced) (MSFP: Mean systemic filling pressure) 


Kx: # § . 
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In contrast, MSFP is the pressure in the systemic 
circulation after blood flow is stopped by application 
of clamps in the aorta and pulmonary artery. 

It is noteworthy that values of MSFP and MCFP 
are almost equal as both blood volume and vascular 
capacity of pulmonary circulation are quite small 
compared to systemic circulation. 

However, MSFP is more important since it is 
MSFP that determines the quantity of venous return 
(see above). On the other hand, blood volume, to be 
more accurate, corresponds to MCFP. MCFP also is 
influenced by sympathetic vasomotor tone (see below). 

Since the two terms MSFP and MCFP are closely 
allied and have almost equal value, they have been used 
in this book interchangeably for the sake of simplicity. 

MCFP is influenced by blood volume and 
sympathetic vasoconstrictor tone. Rise in sympathetic 
vasoconstrictor tone causes vasoconstriction and 
diminishes vascular capacity (the amount of blood 
that can be accommodated by blood vessels). So, if the 
blood volume is unchanged, MCFP rises. 

On the other hand, when blood volume increases 
with the vascular capacity remaining the same, MCFP 
is also increased. 


. Respiratory pump—during inspiration, intrathoracic 


pressure becomes negative while intra-abdominal 
pressure becomes positive. So, blood is sucked into 
the thorax enhancing venous return. This is called 
respiratory pump. During exercise, with rise in rate of 
respiration, the contribution of respiratory pump to 
venous return is considerable. 


. Muscle pump—lower limb muscles, during contraction 


(as in running, walking, etc.), squeeze the veins. This 
action, together with presence of one-way valves in 
the veins directs venous flow toward the heart and 
increases venous return. 


. Sympathetic vasoconstrictor tone—increased 


sympathetic activity constricts veins as well as arteries. 
This increases the MSFP by reducing vascular capacity 
and venous return is increased. Also, as veins are the 
capacitance vessels (p. 256) with reservoir function, 
venoconstriction increases venous return. 


. Gravity—gravity helps venous return from above the 


level of heart (e.g. head). On the other hand, it decreases 

venous return from below heart level (e.g. lower limbs). 

Blood volume—increased blood volume — T MSFP 
» T Venous return (see above). 


§ PRESSURE-VOLUME LOOP (FIG. 30.6) 





The changes in left intraventricular pressure and 


volume can be graphically depicted in “pressure- 
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Fig. 30.6: Pressure-volume loop showing normal loop and ale 
effects of increased preload and increased contractility 


volume loop” Here, the volume change is recorde¢ 
in x-axis while pressure change is recorded in y-ax: 
(however, the relation with time cannot be shown in 
pressure-volume loop). 

2. The AV valves open at M, which marks the onset o: 
ventricular filling. Ventricular filling continues up to\ 
Initially, there is slight drop in intraventricular pressure 
during ventricular filling. This is due to ventricular 
relaxation. The net rise in intraventricular pressure from 
M to N is very small. 

3. N denotes the onset of isovolumetric contraction phase 
during which, intraventricular pressure shoots up to 0 
without any change in volume. O indicates opening 0! 
the aortic valve. The phase between O and P represents 
the ejection phase. The segment OQ denotes rapid 
ejection phase. The major portion of ejected blood 
flows out of the ventricle during this phase while the 
intraventricular pressure shows a steady rise. QP is the 
slow ejection phase. Here, the intraventricular pressure 
drops from Q to P. At the point P, the aortic valves close 

PM represents the isovolumetric relaxation phase 
with the intraventricular pressure showing a sharp !! 
without any change in volume. 

4. Effects of altered preload, afterload and inotropic sta 
can also be demonstrated in pressure-volume !00P- 
a. Increased preload: Here, the EDV is increased. > 

the MN phase is altered to a longer MN, segment 
NO, represents the isovolumetric contraction. a 
as increased preload, according to Frank-Starling * 
law, leads to increased stroke volume, the ej¢¢U" 
phase is also correspondingly longer and is equal (0 
O P phase. 


Cha : 
Pter 30; Cardiac Cycle, Venous WavesandVenousRetwn 


tractility (positi 
». Increased con Y (positive inotropism): Here | 
points M, N, and O are identical with a i i (segment OP,). The intraventricular pressure Oa 
pressure-volume loop. But, due to i aa to a higher value (Q,). P,M, is the isovolumetric 
i rease relaxation phase, ' -systolic volume is 
contractility, the volume of ejected blood js greater de 1 phase. [he end-systo 
creased (M, is proximal to M), 
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B INTRODUCTION 


1. Cardiac output can be expressed as stroke output or 

minute output. 

2. Minute output is the amount of blood ejected by each 

ventricle per minute. This is about 5 L/min. 

3. Stroke output or stroke volume is the amount of blood 
ejected by each ventricle per beat. This is about 70 mL. 

4. Itshould be noted that, minute output = stroke volume x 
heart rate = 70 x 72 mL/ min =5 L/min (approximately). 

5. The approximate values of end-diastolic volume (EDV), 
ESV (end-systolic volume, i.e. the volume of blood pres- 
ent in the ventricle at the end of systole), and stroke 
volume in resting heart are 135 mL, 65 mL, and 70 mL, 
respectively. 

6. Cardiac index is minute output per unit surface area. 
For example, this is about 5/1.52 = 3.29 L/min/M’; 
assuming that the body surface area is 1.52 M°. 

7. Cardiac index is a better indicator of cardiac function 
as this does not vary with the size or body surface area 
of the individual. 

8. Ejection fraction: Stroke volume, expressed as a percent- 
age of EDY, is ejection fraction (volume of blood that 
collects in the ventricle at the end of diastole is called 
EDV). 

Stroke output 


cetera ] 0 
End-diastolic volume ae 


So, ejection fraction = 
Normal value of ejection fraction is about 65%. 
Ejection fraction is clinically important as it is a good 
index of contractility of the heart. During exercise, it 
may go up to as high as 80-90% whereas in case of heart 
failure, it may be reduced to only 25-30%. 

9 Cardiac reserve is a term denoting the difference 
between the maximum cardiac output that can be 
attained by the heart, e.g. in severe exercise and resting 
cardiac output. 


Cardiac Outpy; 


i 


Bj] MEASUREMENT OF CARDIAC OUTPUT 


Cardiac output can be measured by: 
A. Fick’s principle 
B. Dye dilution technique 
C. Thermodilution technique, etc. 


Measurement by Fick’s Principle 


1. Fick’s principle: Amount of a substance extracted by 


a part of the circulation or the whole body is equal 
to the arteriovenous concentration difference of the 
substance multiplied by the blood flow. 


. So, blood flow = amount of substance taken up by 


the body or part of the circulation / arteriovenous 
concentration difference of the substance. 


. Cardiac output (blood flow through the body) is 


determined by measuring oxygen (O,) consumption (0, 
taken up by the body) and dividing it by the difference 
between arterial and venous O, concentration. 


. Arterial O, concentration is the same in all arteries. $0, 


arterial blood sample can be taken from any artery such 
as femoral artery. 


. Venous O, concentrations in different organs alt 


frequently different due to varying degrees of 0, 
extraction by different tissues. So, one has to obtain 0. 
concentration of mixed venous blood from pulmonay 
artery where the venous blood is well mixed. 

To obtain a sample of blood from pulmonary arte"), 
a catheter is introduced through forearm ve! and 
passed via the superior vena cava > right atrium > righ! 
ventricle > pulmonary artery. 


». Oxygen consumption of the subject is determined ashe 


inhales air from atmospheric air and exhales through 

one-way valve into a Douglas bag. 
Subsequently, O, concentrations of atmospheric 

and Douglas bag air are measured. The concentration 
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difference multiplied by volume of collected aly in 
ouglas bag roughly gives the 0, consumption, 

this process, there may be some small error due to 
she differences in water vapor and carbon dioxide (¢ 0 ) 
content between inspired and expired air, Nowadays 
QO, consumption is measured more accurately with the 
help of computerized instruments, 
= Now, Say, O, consumption = 250 mL/ min; arterial O 
concentration = 19 mL/100 mL : 
venous O, concentration = 14 mL/100 mL 


stamautpul 250 x 100 
~ diac = —_____. 
So, cardiac ounp"” 19-14 

_ 5,000 mL/min = 5 L/min. 


Alternatively, 
(19-14) =5 mL of O, is extracted from 100 mL of blood. 


So, 250 mL of O, is extracted from 


250 


100 x mL = 5 liters of blood/min. 


Therefore, cardiac output is about 5 L/ min. 





Dye Dilution Method (Fig. 31.1) 


In this method, a known amount of dye such as Evans 
plue is injected into a peripheral vein. The dye circulates 
through the right side of the heart, the lungs and the left 
side of the heart before reaching the arterial system. Serial 
samples of blood are taken from an artery. 

As the column of dye passes gradually through the 
site of arterial puncture, there is variation in the dye 

concentration with time. 

The concentration of the dye in the arterial blood 
samples are plotted in y-axis against time in x-axis. 

It is found that the concentration of the dye gradually 
increases, then reaches a peak and then gradually falls. 






Upward turn due 
to recirculation 


Dye concentration 


-Point obtained 
by extrapolation 


LT 
Time 


} Fig. 31.1: Determination of cardiac output by the dye dilution 
__ technique. Dye concentration curve in the descending limb turns 
Upwards due to recirculation. 
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However, before the falling dye concentration can [aut h 
the baseline, it takes an upward turn due to recirculation. 
So, the circulation time is determined by extension 
(extrapolation) of the descending limb of the curve UP i) 
the baseline, 

The average concentration of the dye is determined 
mathematically from the serial values in the curve. 

So, flow during the circulation time = amount of dye 
injected / average concentration of the dye = 3.6 liter (say) 

Say, circulation time = 40 second. 


3.6 « 60 


So, cardiac output = = 5.4 L/min 


Thermodilution Technique 


Here, cold saline is introduced in the right atrium via 
a catheter. The drop in temperature is recorded by a 
sensitive temperature recording device attached to the tp 
of the catheter placed in the pulmonary artery. From this, 
through mathematical calculation, cardiac output can be 
measured. 
The advantages of this method are: 
1. Cold saline is nontoxic. 
2. No chance of recirculation as the cold saline quickly 
gains the body temperature before a single circulation is 
completed. So, this method can be repeated many times. 


Bf] PHYSIOLOGICAL VARIATIONS IN CARDIAC OUTPUT 


1. Exercise—during exercise, the cardiac output may rise 
from a normal value of 5 L/min to as high as 30-35 L/ 
min (see p. 205). 

2. Posture—in standing position, blood pools in lower 
extremities due to the action of gravity. Venous return 
decreases appreciably leading to fall in cardiac output. 
(This effect is counteracted by baroreceptor reflexes. 
In supine posture, cardiac output is increased as venous 
return is greater. 

3. Sleep—cardiac output is reduced slightly during sleep. 

4, Emotion—anger, excitement, etc. increase cardiac 
output through sympathetic stimulation, which has 
positive inotropic and chronotropic effects on the heart 
(see p. 208). 


FACTORS CONTROLLING CARDIAC OUTPUT 
(FLOWCHART 31.1) 


These are: 
A. Heart rate 
B. Stroke volume, which again depends on: 
a. Preload 
b. Afterload 
Cc, Inotropic state or contractility, 
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Flowchart 31.1: Factors controlling cardiac output. 





(MSFP: mean systemic filling pressure) 


Heart Rate (Fig. 31.2) 


As cardiac output is the product of stroke volume and 
heart rate, at first thought it appears that cardiac output 
should increase with rise in heart rate. But the relation 
between heart rate and cardiac output is complex because 
an increase in heart rate alters preload, afterload, and 
inotropic state—all of which influence cardiac output. 

An increase in heart rate reduces diastolic duration and 
ventricular filling time, thereby reducing EDV or preload. 
Again, a change in cardiac output caused by increase 
in heart rate alters blood pressure (BP) and, therefore, 
afterload. Heart rate 

Lastly, increase in heart rate increases force of cardiac 
contraction (force-frequency response) and so, inotropic 


HR <50/m | HR50-150/m = HR >150/m 


Cardiac output 








Fig. 31.2: Relation between cardiac output and heart rate (H®) 


state is altered. 
Now, the relationship between cardiac output and For example, a higher heart rate shortens diastolic 
heart rate mainly varies in three separate phases: filling leading to a reduced stroke volume but thei 
1. When the heart rate is low, diastole increases in product remains constant. So, cardiac output is 
duration and ventricular filling is high. So, stroke maintained at a steady level in this range of heart rate. 


volume is higher than normal. However, when the 3 
heart rate falls below 50/min, even the higher stroke 
volume cannot make up for the decreased heart rate 
and cardiac output is lower than normal. 

2. When the heart rate is between 50-150/min, the heart 
rate has an inverse relation with stroke volume but car- 
diac output, which is their product, remains constant. 


- But, at a heart rate higher than 150/min, the diastole 
is greatly shortened (for example, to only 0.14 see al 
a heart rate of 200/min compared to 0.5 sec at a heatt 
rate of 75/min). So, inflow of blood into the ventricles 
reduced greatly and stroke volume is markedly reduced 

As a result of this, in Spite of increased heart rate, 
minute output actually falls. 
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it depends on: 

|, Preload: Stroke volume depends on force of cardiac 
contraction, which again depends on preload or EDV. 
according to Starling’s law. 

So, cardiac output is influenced by factors affectin 
preload or EDV, which are: 

a. Venous return: It should be emphasized that venous 
return is a very important determinant of cardiac 
output. To maintain cardiac output, an equal 
amount of venous return is essential. In other 
words, sustained rise in cardiac output is possible 
only in the presence of an equally increased venous 
return to the heart. 

Apart from this, greater the venous return, greater 
is the EDV or preload. So, as per Frank-Starling’s law, 
greater venous return by increasing EDV, increases 
force of cardiac contraction and augments cardiac 
output. This is particularly true in case of severe 
exercise. 

Now, venous return again depends on: 

|. Cardiac suction 

li. Mean systemic filling pressure (MSFP) 

ili. Blood volume 

iv. Thoracic pump 

V. Muscle pump 

v1. Sympathetic vasomotor tone 

Vil. Gravity, 

Details about venous return have been mentioned 

already (see p. 197). . 

Intrapericardial pressure: Rise in intrapericardial 

pressure as in pericardial effusion decreases EDV 

and reduces cardiac output. 
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vu Cardiac Output 


C. Myor , 
Ivocardial ompliance (stretchability): Myocardial 


con | 
Ipliance ig reduced in restrictive pericarditis, 


Ostinfare | 
POStinfarction fibrosis, etc. Decreased myocardial 


Cor ; 
npliance or stretchability decreases expansion of 


C 7 HC Che ‘ 
lary Chambers, This results in a decreased EDV, 
Which reduces cardiac output, 


Relationship between CVP and Cardiac Output 
a The re 


lationship between central venous pressure 
and cardiac output is intimately interdependent. 
as CVP or right atrial pressure rises, the cardiac 
W Increases — there is increase in preload and 
e of contraction as per Frank-Starling’s law > 
cardiac output increases. The effect produced is purely 
related to cardiac function. 

This relationship can be depicted graphically as shown 
In Figure 31.3A. This is called cardiac function curve or 
cardiac output curve. 


(CVP) 
Thus, 
inflo 
forc 


- Conversely, when cardiac output increases, more blood 


is translocated from the right atrium and great veins 
(venous side) to the arterial side and this decreases CVP. 

This can be depicted graphically as shown in Figure 
31. 3B. This is known as the vascular function curve or 
venous return curve. It is to be noted that in vascular 
function curve, cardiac output and right atrial pressure 


or CVP are inversely related unlike the cardiac function 
curve. 


. The two curves when superimposed, intersect at a point 


O known as equilibrium point as shown in Figure 31.3C. 
The equilibrium point represents the values of cardiac 
output and CVP, at which the system normally operates. 
Any tendency toward displacement of this equilibrium 
point automatically sets up corrective forces, which 
soon bring it back to its original value. 

For example, if the CVP rises suddenly, displacing the 
equilibrium point rightward to A, the cardiac output 
also increases, moving the point A to B. With increase 
of cardiac output, however, the CVP decreases followed 
by decrease in cardiac output. This sequence goes on 
in small steps until the equilibrium point is restored to 
its original location. 

Heterometric versus homometric regulation: As per 
Starling’s law, cardiac output changes with change in 
EDV within physiological limits. This type of regulation 
of cardiac output is called heterometric regulation 
because the cardiac output varies with variation in 
length of cardiac muscle fiber. 

In contrast, homometric regulation is the type of 
regulation where there is change in cardiac output 
although the cardiac muscle fiber length is the same. 
For example, this may occur due to alteration in 
inotropic state. 
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Figs. 31.3A to C: (A) Cardiac function curve; (B) Vascular function 
curve; (C) Cardiac function curve and vascular function curves 
superimposed. Sudden increase in CVP causes displacement of 
equilibrium point O to A, but it subsequently regains its original 
position (see text). 

(CPV: central venous pressure) 
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2. Afterload: 

a. It is the load against which the ventricles pu 
case of the left ventricle, it is equivalent to pp : I 
aorta, which again depends on periphera| reset the 

b. So, more the peripheral resistance — mor, vc 
mean arterial pressure — more is the afterloag he 
less is the cardiac output. 
This is compensated by the following Mechanign, 
less cardiac output — rise in EDV — rise jp Cardi 
output, as per Starling's law. a 

c. During exercise, the 5-7 times increase jn Cardig, 
output is enabled by sharp decrease in Peripher. 
resistance or afterload caused by extenen, 
vasodilatation in the skeletal muscle blood Vessel 
(which, again, is an effect of accumulated tis... 
metabolites as well as the effect of circulating 
epinephrine secreted from the adrenal medulla », 
vessel walls). 

d. We can thus observe that peripheral resistan¢, 
has an inverse relationship with cardiac outpy; 
Cardiac output decreases in cases of high periphera| 
resistance while it increases when periphe;,) 
resistance is low. In fact, this inverse relation cay 
be derived from the equation, Cardiac output = Bp 
peripheral resistance. 

3. Inotropic state: It is the maximal contractile powe; 
(ability to develop peak tension) of cardiac muscle 
independent of preload and afterload. It is also called 
“contractility”. Increased contractility or positive 
inotropic state will obviously increase stroke volume 
and vice versa. 


Positive inotropic factors (factors increasing contractility): 


a. Digoxin — inhibits Na*/K*-ATPase — diminishes Na’. 
gradient across cell membrane —> less Na* comes into 
the cell through Na*-Ca** exchanger —> s0, less Ca” 
goes out of the cell in exchange — intracellular Ca” 
concentration increases > increased contractility. 

b. Glucagon — rise in cyclic adenosine monophosphate 
(cAMP) > increased contractility. 

C. Theophylline > inhibits phosphodiesterase which 
destroys CAMP > rise in cAMP > increased contactility. 

d. Increased sympathetic activity —> rise in cAMP ? 
increased contractility. 

e. Rise in heart rate (see force frequency relation, 
p. 192) — less time for Ca** extrusion coupled wit! 
diminished Na*-Ca** exchange > rise in cytosolic ©” 
concentration — increased contractility. 

Also, rise in heart rate > increase in numbe! ® 
action potential and total duration of plateau phast 


in unit time — increased influx of Ca‘ into cytosol” 
increased contractility, 
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ognmsic and Intrinsic Control of Cardiac Output 


ert of cardiac output has been classitied 
J extrinsic. Intetaste control atfcardiae outputis exerted, 
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as Intrinsic 


wy example, Vid verous return which increases cardiac 


urput through Frank-Starling mechanism. Extrinsic 


. 
\™ 


oarral of cardiac output is exerted through autonomic 
serves eg. the sympathetic nerve-mediated Increases 


. 


heart rate and contractility of heart muscle as Well as 


qcrease In Verrous return through vasoconstrictor action, 


cyercise and Cardiac Output 


\. Amarathon runner achieves a very high cardiac output 


ms 


about 25-35 L/min) during the race. The various 

factors contributing to this very high cardiac output, 

are: 

a. Sympathetic stimulation, which increases the heart 
rate. aided by parasympathetic inhibition (see also 
p. 208). 

db. Sympathetic stimulation has positive inotrapic 
effect. So, iCincreases cardiac contractility leading 
to increased cardiac output, 

c. Ventricular hypertrophy with increased muscle 
mass and contractile power in marathon runners 
\due Co persistent training) is another cause of 
increased cardiac output. 

\s noted above, cardiac output can increase five to 

seven Gimes (up to 25-35 L/min) during exercise, Strong 

‘ympathetic stimulation during exercise increases 

the heart rate and contractility of heart (leading to an 

increased stroke volume) and this may explain the 

“crease in cardiac output. However, in a transplanted 

ieart effects of sympathetic stimulation are absent 

Jue to denervation. Still, the cardiac output increases 

considerably in exercise due to three factors: 

{he increased venous return increases preload and 
this increases stroke volume through Frank-Sturling 
mechanism. 
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ll, Clroulating catocholaminen secreted from adrenal 
Wodulla Inereaxe hoart rato and cardiac contract 
ity, 

Ui, Vasodilation ta skeletal muscles decreases afterload 
and cardiac output increases aa a rosull 


ANINE HEART-LUNG PREPARATION 


This is an oxperimental set up tn which the aorta 
Of AN anosthotized dog Is connected to a system of 
Compressible tubes and a reservolre kept in sertes in 
such a manner that all the blood ojectod from the 
HOrL passes through the tubes and the roservole and 
comes back to the right atelum, External pressure 
on the tubes can be regulated by compression or 
decompression, 
The blood, on returning to the heart clrculates through 
tho lungs and is redistributed through the aorta into the 
tubes. ‘Thus, allother organs and tissues of the body are 
bypassed and they die. As the neurons supplying the 
heart die, the heart loses its neural control and beats 
atits tntrinsic rate. The changes tn ventricular volume 
are also recorded, 

This experimental set-up provides us an excellent 

Opportunity to examine the effects of preload and 

atterload on cardiac output as follows: 

A. Effect ofpreload: ‘Ihe reservoir ts directly connected 
fo the right atrium, The tight atelal pressure, which 
ls proportional to preload, can be altered by altering 
the height of the reservoir, [tis observed that as the 
right atrial pressure is Increased, EDV (preload) 
in the left ventricle Increases and there is a tise tn 
cardiac output, 

b. Effect of afterload: Ihe compressible tubes that 
are connected to the aorta can be subjected to 
increased or decreased pressure, This alters the 
peripheral resistance, which is proportional to 
alterload, [tis observed that on increasing the 
alterload (by Increasing the peripheral resistance), 
the stroke output initially decreases, but this leads 
to accumulation of blood in the lett ventricle with 
consequent increase in KDV and end-diastolic 
liber longth. As a result, cardiac output increases 
(as per Frank-Starting’s law) and regains its 
previous level, 

[Kor a detailed discussion of arterial pulse, heart 
sounds, see Practical section, | 


32 


eta 





BL AUTOREGULATION 


wen when the perfusion pressure of an organ like the 
y, the heart, or the brain, increases or decreases over 
siderable range (60-150 mm Hg), the blood flow to the 
ns remains the same. This is known as autoregulation 
‘ blood flow. 

Several theories have been put forward to explain this 

phenomenon, but the most important of them are: 

A. Myogenic theory: Rise of perfusion pressure — stretch 
of afferent arteriole of the organ > the smooth muscles 
of the arteriole on being stretched contract in response 
— narrowing of the arterioles > blood flow remains 
unchanged. 

Opposite changes occur during fall of perfusion 

pressure. 

B. Tissue metabolite theory: Rise in perfusion pressure 
> increase in blood flow through tissue —> tissue 

metabolites washed off — vasodilator effect of tissue 
metabolites diminished leading to vasoconstriction > 
blood flow returns to normal. 

Opposite changes occur during fall of perfusion 

pressure. 

When there is decrease in blood flow to tissues, which 
show autoregulation, the autoregulatory mechanisms 
such as myogenic mechanism or tissue metabolite 
accumulation mechanism rapidly restore blood flow back 
to normal. Apart from these rapidly acting autoregulatory 
mechanisms, there are two long-term mechanisms, 
which slowly restore blood flow to normal from a state of 
chronically decreased blood flow. 

One is angiogenesis (formation of new blood 
vessels). Another mechanism, which develops slowly like 
angiogenesis, is collateral circulation, which can restore 
blood flow to a poorly perfused tissue. 















Cardiovascular Regulation 


eee ee eS 


Angiogenesis 


Increased metabolic need has a stimulatory effect 9), 
the formation of new blood vessels, which is known ag 
angiogenesis. Thus, new blood vessels are formed jp 
increased number in rapidly growing tissues as those jn 
infants and in cancerous tissues. 

Apart from this, hypoxia which acts as an important 
local factor regulating blood flow acutely also plays an 
important role in angiogenesis (development of new blood 
vessels). This is particularly seen in growth of new blood 
vessels in hypoxic conditions in high altitude. Another 
important example is retrolental fibroplasia. Here, multiple 
new blood vessels grow from the retina into vitreous humor, 
when exposed to acute hypoxia on being removed from 
high oxygen (O,) concentrations in O, tents. 

The process of angiogenesis is helped by a number 
of chemical factors (peptides) such as VEGF (vascular 
endothelial growth factor), FGF (fibroblast growth factor), 
angiogenin, etc. In contrast, peptides like angiostatin and 
endostatin inhibit angiogenesis. 

Formation of new blood vessels is required for rapid 
growth of cancerous tissue and it also plays a role in 
metastatic spread of malignant cells. No wonder newe! 
pharmacotherapeutic approaches are targeted agains! 
angiogenesis in cancer patients. Thus, monoclonal 
antibodies against VEGF and angiogenin, synthesized 
by recombinant techniques, are under investigation as 
possible therapies in meeting the challenges against cancel. 


Vasoactive Chemicals of Endothelium 


The endothelium of blood vessel is the site of action of a 
number of vasoactive chemicals: 

a. The most important vasodilator chemical in thé 

endothelium is EDRF (endothelium-derived relaxits 
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_actor) oF nitric oxide (NO). It is synthes 


4. 


ized from 
-ginine by the enzyme NO synthase (NOS), 


Nitric oxide activates guanylyl cyclase, which breaks 
gown guanosine triphosphate (GTP) into cyclic 
quanosine monophosphate (CGMP). This cGMp eases 
-elaxation of smooth muscle leading to vasodilation 
(shear stress of blood flow also augments NO telease). 

In addition to its local vasodilator action, NO bound 
.o cysteine, an amino acid constituent of hemoglobin 
(Hb) is transported by blood to distant organs and thus 
t may act as a hormone. 
several other chemicals cause vasodilation by 
stimulating NO synthesis. These include acetylcholine, 
pradykinin, vasoactive intestinal peptide (VIP), 
adenosine triphosphate (ATP), substance P, and 
histamine. Denudation of the endothelium abolishes 
their action and they may even cause vasoconstriction. 
Nitric oxide causes vasodilation in corpora cavernosa, 
which results in penile erection. This action is 
mediated through cGMP. Drugs like Viagra inhibit 
phosphodiesterase, which breaks down cGMP and thus 
prolong vasodilator action of CGMP. This explains their 
utility in treating erectile dysfunction. 

Nitric oxide also has a probable anti-inflammatory and 
antimicrobial action. 

Nitroprusside produces vasodilation by directly relaxing 
vascular smooth muscle. 

CO,, H", K’, and adenosine which are tissue metabolites 
produced locally, act on the vascular smooth muscles 
causing vasodilation. 

Prostacyclin (PGI,) is produced in the endothelium from 
arachidonic acid by the action of enzymes cyclooxy- 
genase and PGI, synthetase. It causes vasodilation by 
increasing cyclic adenosine monophosphate (cAMP). 
The most notable vasoconstrictor substance secreted 
from endothelium is endothelin (see below). 


a 


Endothelin 


i, 


rh 
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Endothelin is present in three forms, e.g. endothelin-1, 
endothelin-2, and endothelin-3. 


Endothelin-1 is derived from a precursor known as big 
endothelin-1. 


- There are two types of endothelin receptors ET, and 


ET, ET, receptor responds only to endothelin-1 and 
itmediates vasoconstriction induced by endothelin-. 
On the contrary, ET, may cause vasodilation and it also 
probably mediates developmental changes in the body. 


‘Fndothelin-1 causes vasoconstriction by a local 


Paracrine effect on the tunica media of blood vessels. 
ts level is increased in congestive cardiac failure (CCF ) 
‘nd myocardial infarction, suggesting some role of 
“Ndothelin-1 in these diseases. 


9. 


The brain is rich in endothelin. Endothelin may have 
some role in blood-brain barrier. 
Endothelin also has some effect on mesangial cells and 


it may mediate the GFR-lowering action of mesangial 
Cells. 


- In genetic defect causing deficiency of endothelin, 


developmental defects such as craniofacial abnormali- 


ties, Hirschsprung’s disease (p. 303), and patent ductus 
arteriosus may occur. 


Bl INNERVATION OF THE HEART 
Parasympathetic Supply 


Lk 


i) 


The heart is supplied by parasympathetic nerves 
through the vagus, which takes its origin from the dorsal 


motor nucleus and nucleus ambiguus situated in the 
medulla. 


. These preganglionic fibers relay with postganglionic 


parasympathetic nerves in ganglia situated close to the 
heart. 


. The postganglionic parasympathetic nerve endings 


secrete acetylcholine. 


. Parasympathetic stimulation leads to decrease in 


contractility, conductivity, excitability, and heart rate 
(negative inotropic, dromotropic, bathmotropic, and 
chronotropic action, respectively). 


. Parasympathetic stimulation secretes acetylcholine. 


Acting on M, muscarinic receptors in sinoatrial (SA) 
node, acetylcholine opens K*-channels, leading to K’ 
efflux from cell. This decreases the heart rate in two 
ways: 

a. Due to efflux of K* ions, there is hyperpolarization of 
SA node with the membrane potential going below 
resting membrane potential (RMP). This increases 
the amount of depolarization required to reach the 
threshold and prolongs the depolarization process 
of pacemaker potential. Thus, the next heart beat is 
delayed and the heart rate decreases. 

b. The depolarization process of pacemaker potential 
initially depends on decrease in K’ efflux. Acetylcho- 
line-mediated increase in K' efflux antagonises this 
decrease in K‘ efflux and flattens the slope of pace- 
maker potential. ‘This again slows the heart rate. 


. Ach decreases cAMP concentration and thereby it 


inhibits Na* and Ca" entry into the pacemaker cells 
through i, and T-type Ca" channels, respectively. This 
further flattens the slope of pacemaker potential and 
reduces heart rate (p. 185). 


. The parasympathetic nerve also delays conduction 


through the atrioventricular (AV) node by reducing its 
excitability (of AV node) via its hyperpolarizing effect 
(by increasing K’ efflux). 
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interact, Acetylcholine secreted due to parasympathetic 
stimulation acts on cholinergic receptors present on 


€ the sympathetic nerve-endings and inhibits release 
Sympathetic Suppl | i 
ympe pply of norepinephrine, This heightens the eltects of 


Oy vageavinpattiedio (hunk 


| Proganylionio sympathetic nerves whieh willaldimately acetylcholine since sympathetic and parasympathetic 
Hitvenee the heart, take (hele origi from titermedto effects are usually antagonistic in nature. 
lateral gray cot tn de PP aptial cord segments 
S These bers relay with Pern U agen Aape thant AVE pAthect Innervation of Blood Vessels 
fibers iy cervical and tharacte ganglions of the para 
| wae | I. Peripheral blood vessels are supplied almost solely by 
vertebral syipatiede ehatn | | 7 —. 
| svinpathetie fibers, The preganglionic fibers, similar te 
1 Nese postganglionic bers supply the SA node, AY ) | | | 
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segment and relay in the paravertebral ganglionie 
chain with postganglionic sympathetic fibers, whieh 

supply the blood vessels, On stimulation, (hey cause 
Inoreased eXcHlDHlity (positive bathmotropie acon), 


constriction ot the blood vessels. 
and nereased COndHetVity (positive dromomople a 
tion) 2. should be noted that, in general, the peripheral blood 
on 


vessels have no parasympathetic supply (exceptions are 
external genitalia and salivary glands). So, vasodilation 
iv (hese vessels is broughtabout only (Hirough reduction 
in sympathetic vasoconstrictor tone. 
4, Hlowever, there is also a sympathetic cholinerglt 
vasodilator system. The nerve tibers of this system arise 
) from cerebral cortex, pass through hypothalamus and 
Ca channels causing greater Cac totlax whtebl tn : | al 
midbrain and descend directly on intermediolater 
Choases force oF contraction ta both atela and ventricles a ; 
(p 187) Kray column without any further interruption. 
This system can cause vasodilation especially ip 
skeletal muscle blood vessels. 


heart rate (positive chronatraple aedou), iereased 
foree OF CONFRACHION (postive otroapte aedou), 


Ihe postgangtionio syiypathede nerves secrete at thet 
endings noradrenaline which acon fi receptors on the 
heart Stimulation off) receptors inerease intacelhila 
CAMP and this brings off the above-mentioned efleets 
due to sympathedic stimulation (see also p. 185). 

b Svinpathedo stimulation prolongs open tine obb type 


Svrnpathedic stimulation diereases heart rate by tts 
stimulatory effects on CAMP 





This occurs on sympathetic stimulation during 
Ho Sympathetic stimulation increases conducdon velocity ape m ‘le 
exercise and may take place even before the exercise 
Hhroughout the conducting system. Nodal delay ts | , s 
iecrieand starts, Painting, due to emotional factors, is probably 
‘ i ‘ “ 


mediated through this system (see below). 

[his system is active in lower animals, as in cats, but 
IS Significance in man is uncertain, 

Although this system belongs anatomically to sy 
pathetic nervous system, the neurotransmitter secreted 
atthe postganglionic nerve ending is acetylcholine. 
Oculocardiac Reflex 1 Although activity in the sympathetic cholinergic vaso 
dilator system in man is uaproved, adrenaline secreted 
from adrenal medulla in response to sympathetle 
simulation, acts on |) adrenergic receptors on vessel 
Wall and causes vasodilatation. 


Sympathetic stimulation not only enhances contrac 
Hon, but iealsa speeds up relaxation by SUT 
sarcoplasmic and endoplasmic recut Cac ATPase 
(SEHOA) Obviously, (his allows earlier initiation of 
diastole aud provides mare tine for cardiac filling 


We have seen Chat vagal stiiuladion slows (lansmission of 
cardiac dmpulse (hrough the conductiig tissues, leading 
fod teddeed heart tate) This nding las been utilized 
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Vasovagal Attack or Fainting 


Strong emouonal disturbance may cause acute vasodilation 
coupled with bradycardia. Both these effects lead toa sharp 
fall in blood pressure (BP) resulting in an acute decrease 
in cerebral blood flow. This causes fainting—also called 
vasovagal attack (syncope). 

Prolonged standing may also cause vasovagal syncope: 


Mechanism 


Prolonged standing — blood pools in veins of lower 
extremity +» venous return 1 cardiac output > 
activation of baroreceptor reflex 7 sympathetic discharge 
causes vigorous contraction of the heart —> ventricular 
receptors are activated — this causes reflex vagal 
stimulation leading to bradycardia plus / sympathetic 
activity, which leads to generalized arterial vasodilation 
and consequent hypotension — there may be a brief 
period of unconsciousness and the phenomenon is called 
vasovagal syncope. 


CARDIOVASCULAR CENTERS 


Cardiovascular centers are located within the central nerv- 
ous system (CNS). These regulate circulation as follows: 

a. Centers in cerebral cortex: Stimulation of the motor and 
premotor areas leads to significant rise in BP along with 
vasoconstriction in cutaneous, splanchnic and renal 
circulation, and vasodilation in skeletal muscles. 

The cerebral cortex responds prominently to pain 
and exercise but its main effect is probably to regulate 
the lower centers. 

b. Centers in the limbic cortex. During emotional changes, 
these centers are activated and they alter BP and heart 
rale. 

c. Centers in the hypothalamus: Stimulation of the 
hypothalamus brings about changes in heart rate and 
BP. However, their predominant effect is to produce 
vasodilation or vasoconstriction of cutaneous blood 
vessels, in accordance with their temperature regulating 
function. 

Thus, hot condition produces vasodilation and cold 
condition causes vasoconstriction of cutaneous blood 
vessels under the influence of hypothalamus. 

a. Vasomotor center (VMC): This is situated in the medulla 
and consists of a lateral pressor (vasoconstrictor) and 
medial depressor (vasodilator) area. 

The pressor (vasoconstrictor) area contains a group 
of neurons called C, neurons. The cell bodies of these 
neurons are present in the rostral ventrolateral medulla 
(RVLM) while the axons descend downwards to end in 
the intermediolateral gray column of the spinal cord. 
From there, preganglionic sympathetic neurons arise 


and they relay with postganglionic sympathetic neurons 
in the paravertebral sympathetic ganglionic chain. [he 
postganglionic neurons ultimately supply the heart and 
blood vessels. Even at rest, these sympathetic nerves 
transmit a tonic excitatory discharge responsible for 
the resting vasomotor tone. 


Note: 

RVLM (C_) or vasomotor area or vasoconstrictor area of 

VMC is sometimes wrongly or loosely described as VMC. 
Strictly speaking, VMC is a collective term and it 

consists of (a) nucleus of the solitary tract (NTS), 

(b) cardioinhibitory center (CIC), (c) RVLM (C,) or 

vasoconstrictor area of VMC, and (d) vasodilator area 


(A,). 


When RVLM is stimulated leading to increased 
discharge in the sympathetic nerves innervating the 
heart and blood vessels, there is rise in heart rate, 
stroke volume, and BP, the last effect being mediated 
by widespread vasoconstriction and increase in cardiac 
output. 

Concomitant venoconstriction mobilizes blood 
stored in veins. 

In contrast, inhibition of RVLM leads to a fall in 
heart rate, cardiac output and widespread vasodilation, 
resulting in fall in BP. Venodilation augments storage of 
blood in veins. 

The depressor (vasodilator) area containing A, 
neurons is located medially. On stimulation, it inhibits 
the pressor area causing a fall in heart rate and BP. 


Influences on VMC: 


* Local: Local hypoxia and hypercapnia have direct 
influences on VMC. Hypoxia depresses VMC directly 
whereas carbon dioxide (CO,) stimulates VMC. . 

“ External stimulating influences: These are: 

# Descending inputs from cerebral cortex coming 
via hypothalamus. These pathways mediate the 
vascular responses to emotion, e.g. rise of BP in 
anger, sexual excitement, etc. 

# Afferents from carotid and aortic chemoreceptors 
stimulate VMC in response to O, lack, CO, excess, 
and acidosis. 

# Afferents carrying pain sensation stimulate VMC, 
on their way to reticular formation. They usually 
cause a pain-induced rise in BP | 

® An opposite effect characterized by vasodilation 
and fainting may be caused by persistent and 
intense pain. 

% External inhibiting influences: 
® Afferents from high pressure baroreceptors inhibit 

VMC discharge when there is a rise in BP. 
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® Intlaton of lungs stimulates vagal afferents, which 
Cause vasodilation by inhibiting VMC discharge. 

@ Descending inputs from hypothalamus can be 
inhibitory also. For example, sudden panic may 
cause 2 marked fall in BP. 

©. Vagal centers: These are also situated in the medulla. 

Nucleus ambiguus and dorsal motor nucleus are the 

TWO Vagal centers that control vagal discharge. Vagal 

discharge has an inhibitory effect on heart rate. So, 

these are the CICs. 
E Spunal centers: Even when cut off from higher centers by 

Wansecton of spmal cord at cervical level, the centers in 

the spinal cord have been shown to regulate circulation | 

in response to local hypoxia or hypercapnia, pain, and | 


B CARDIOVASCULAR REFLEXES (FIG. 32.1) 


The regulation of cardiovascular System (CVS) is mediated 

through a number of reflexes. 

A reflex may be defined as an automatic. involuntary 
and reproducible effector response caused 
Simutus involving the CNS. 

Reflexes are mediated through a neural arc consisting 
of five elements: 

1. A receptor sensing the stimulus 
2. An afferent limb carrying the message from the receptor | 
two the center within the CNS. 

The center which is located within the CNS 

An efferent limb carrying the motor response from the 

Center to the effector organ 

Fifector organ. e¢ muscle, glands, etc. | 

The individual cardiovascular reflexes are mentioned | 

below 

. Barorecepior refiex (Fig 322 and Flowchart 32 1): 
¢ Receptor: Baroreceptors, sensitive to stretch, are 

free nerve endings present in tunica adventitia 

(s€e p. 179) of carotid sinus, arch of aorta, sub- 

clavian. and other major arteries. They resemble 

Goigi tendon organs in éppearance (carotid sinus 

's 2 dilatation in the internal carotid artery, close to 

the befurcation of common carotid artery). | 

Afferent nerve- Glossopharyngeal nerve in case | 

of caroud baroreceptor. Vagus nerve in case of 

Oeroreceptors at other sites. 

. Center: The afferents Converge on nucleus tractus 
solltanus (NTS) in the medulla > from there, | 
excitatory neurons go to intermediate or caudal. 
ventrolateral medulla (IVLM or CVLM), where | 
(hey synapse with y-amino butyric acid (GABA)- 
secreting neurons, which inhibit RVLM_ From NTS. 


OClér Neurons project to the respirafory center and 
CIC ( see Delow ) 


by a sensory 
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Fig. 32.1: Cardiovascular reflexes. 
(CVS: cardiovascular system) 
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Fig. 32. 2: Baroreceptor reflex 
(NTS: nucleus tractus solitarius: RVLM: 
(VLM: intermediate 
medulla) 


rostral ventrolateral medul& 
ventrolateral medulla; CVUM: caudal venrroiateral 


d. Efferent path: Neurons descending from RVLM 
send excitatory impulses to preganglionic 
sympathetic neurons arising from the lateral hom 
at the level of spinal segments. The postganglionic 
sympathetic neurons innervate the heart and 
blood vessels. So, sumulation of RVLM causes 


an increase in heart rate, stroke volume and 
Vasoconstriction. 
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Flowchart 32. 1: Baroreceptor reflex (schematic). 
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‘BP: blood pressure; CIC: cardio inhibitory center; NTS: nucleus tractus solitarius; RVLM: rostral ventrolateral medulla) 


Apart from heart and blood vessels, preganglionic mediating this reflex, e.g. glossopharyngeal! 
sympathetic nerves also supply the adrenal medulla and vagus nerves are called buffer nerves. 
where the chromaffin cells (modified sympathetic O There is a normal resting discharge from 
postganglionic neurons) secrete epinephrine. This RVLM responsible for normal sympathetic 
epinephrine circulating in blood also contributes to vasoconstrictor tone. 
the effects on heart and blood vessels. O Section or disruption of efferents from RVLM 

When BP rises > baroreceptors are stimulated ae loss of this discharge and consequent 
NTS is simulated. This leads to three effects: vasodilatation and fall of BP. 

i. Inhibition of respiratory center O As blood vessels, in general, have no para- 
ii. Stimulation of CIC: This causes decrease in heart cn achean Ce oil wd ee : a - 
rate by stimulating the vagus 


7 decrease of sympathetic vasoconstrictor tone. 
iii. Inhibition of RVLM through stimulation of = Special features of baroreceptor reflex: 


GABAergic inhibitory neurons in IVLM or CVLM ¢ Itis responsive, both to changes in mean pressure 


~» drop in heart rate, stroke volume as well as as well as to change in pulse pressure—being most 
vasodilation — fall in BP due to reduced cardiac sensitive to rate of change of pressure. Lowering 


output and peripheral resistance bringing it back of pulse pressure activates baroreceptor reflex 


to normal. even if mean pressure is unaltered. 

2 Fallin BP initiates opposite sequence of events ¢ It acts within a certain range, about 60-150 mm 
which ultimately elevate BP. Thus, the barore- Hg, above and below which, it is ineffective. 
ceptor reflex prevents alteration of BP from e 


Itis effective for short-term purposes. Prolonged 
normal steady level. That is why the nerves changes in BP (>48 hours) cause resetting of 








“% Drop in arterial pressure 
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Pressure stimulating carotid sinus 


Fig. 32. 3: Resetting of baroreceptor reflex. (A) Normal individual 


and (B) after prolonged elevation of BP (>48 hours). 


baroreceptor reflex, that is, it then acts to maintain 
the BP at the new altered level! (Fig. 32.3). 

¢ Bilateral sectioning of baroreceptor afferents or 
bilateral lesion of NTS causes severe rise of BP 
to as high as 300/200 mm Hg. This is known as 
neurogenic hypertension, caused by withdrawal 
of inhibitory effect on RVLM. 


2. Chemoreceptor reflex. 


a The receptors of this reflex are present as 
chemoreceptor gells (glomus cells) in caroud and 
aortic bodies. These are stimulated predominantly 
by diminished pO, (hypoxia). 

b. The reflex responses observed as a result of such 
stimulation are rise in respiratory rate, heart rate, 
and BP. 

c The CVS effects are minor compared to the 
respiratory changes. The rise in heart rate is 
secondary to respiratory stimulation (see below). 
If, somehow the respiration is kept suppressed as 
occurs in an underwater sea! diving to catch fish, 
the response to hypoxia changes to bradycardia. 


d Between 40-80 mm Hg of mean BP, when the | 


baroreceptor reflex is not active, the chemoreceptor 
reflex—activated by hypoxia due to hypotension— 
causes increased vasomotor tone. 

This is proved by the fact that on section of the 
buffer nerves when the BP is in this pressure range, 
BP instead of going up (due to absent baroreceptor 
reflex) actually falls (Flowchart 32.2). 

Explanation: Section of buffer nerves abolishes 
both baroreceptor and chemoreceptor reflexes. 
However, the observed fall in BP (that occurs on 


section of buffer nerves when BP is in 40-80 mm | 


Flowchart 32. 2: Mechanism of tachycardia due to Swit ecate 
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(CIC: cardioinhibitory center) 


Hg range) is not due to loss of baroreceptor reflexas 


it would have caused a rise in BP. So, the fall in BP, 
here, must be due to loss of chemorece) tor reflex 
which, in fact, causes a rise in BP in ‘esponse to 
hypoxia due to hypotension in this rane of BP. 

Mayer waves seen in cases of hypotension due 
to hemorrhage, are caused by activation of 


chemoreceptor reflex. 

3. Central nervous system ischemic response: \\ en mean 
BP falls to very low levels (<60 mm Hg), the VMC is 
directly stimulated by local accumulation of CO, and 
possibly lactic acid caused by the highly diminished 
blood flow. 

This causes intense and widespread vasoconstriction 
and there is a large rise in BP (this powerful response 
is a desperate effort by the body to reverse the life- 
threatening low BP). 


In contrast to high pressure baroreceptors, e.g. carotid and 
aortic baroreceptors present in high pressure arterial tree, 
low pressure baroreceptors are present in the atria and 
pulmonary blood vessels (low pressure circulation). 

These low pressure baroreceptors mainly respond to 
distension or fullness of blood vessel (caused by change in 
blood volume) rather than change in pressure. 


f 


| 
| 


The importance of low pressure baroreceptors in 
regulating BP is very well demonstrated by a simple 
experiment. It is found that infusion of about 300 mL of 
blood into a dog raises the BP by about 15 mm Hg. The 
BP rises by about 40 mm Hg when high pressure (arterial) 
baroreceptors are denervated. But, the BP rises by an 
astonishing 100 mm Hg, if both arterial and low pressure 
baroreceptors are denervated. 

This proves that the low pressure baroreceptors are 
even more powerful than high pressure baroreceptors 
in resisting change in BP particularly when it is caused by 


change in blood volume. 


4. Bainbridge reflex: 


d. 


~ 


When right atrium is stretched due to any Cause such 
as infusion of blood or saline, there is reflex increase 
in heart rate. This is called Bainbridge reflex. This 
cardioaccelerator effect is observed when the initial 
heart rate is low. However, if the initial heart rate is 
high, there is a decrease in the heart rate. 

The differences in response are probably due 
to the fact that infusion of fluid activates the 
baroreceptor reflex in addition to Bainbridge reflex 
and the net effect is the resultant of both. 


. Bainbridge reflex is mediated through two types of 


atrial stretch receptors—type A stimulated by atrial 
systole and type B stimulated by atrial distension 
(in late diastole). Stimulation of these low pressure 


baroreceptors probably causes the tachycardia of 
Bainbridge reflex. 


. Avery small part of the response results from direct 


stretch of SA node in atrial wall. However, mostly, it 
is a true reflex as section of vagal fibers supplying the 
atria abolishes the reflex. The afferents are mediated 
through the vagus while the efferents are supplied 


to the SA node through both vagus and sympathetic 
nerves. 


. This reflex helps to ease atrial congestion and 


its effects are supplemented by diuresis caused 
by suppression of antidiuretic hormone (ADH), 
which is triggered by stimulation of low-pressure 
baroreceptors in atrial wall. Atrial distension 
liberates another hormone atrial natriuretic peptide 
(ANP) which also promotes diuresis. 


9. Bezold-Jarisch reflex (coronary chemoreflex): 
a. 


Injection of veratrum alkaloid, capsaicin, etc. into 
coronary artery reflexly causes—(1) apnea followed 
by hyperventilation, (2) bradycardia, and (3) hypo- 
tension. 


- Endogenous substances liberated in myocardial 


infarction may also activate this reflex. This is a 
Possible explanation for the associated refractory 
hypotension observed in this condition. 
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6. Ventricular reflex: Receptors of this reflex are present 


in the vicinity of endocardium as well as epicardium. 
Stimulation of these receptors reflexly produces bra- 
dycardia and hypotension. The reflexogenic stimulus 
may be mechanical or chemical. 


. Cushing’s reflex: Rise in intracranial tension (e.g. in 


meningitis) + compression of blood vessels supplying 
VMC -— hypoxia and hypercapnia in VMC strongly 
stimulate this center itself intense reflex peripheral 
vasoconstriction with rise in BP restores cerebral blood 
supply — this rise in BP causes bradycardia due to 
stimulation of baroreceptors. 

In case of raised intracranial tension due to intracra- 
nial hemorrhage, the elevated BP caused by Cushing’s 
reflex may lead to further hemorrhage and more rise 
in cerebrospinal fluid (CSF) pressure. This sets up a 
positive feedback effect often culminating in death of 
the patient. 


. Somatosympathetic reflex: Receptors in joint and 


muscle are stimulated in exercise and afferents from 
them ascend up the spinal cord and end at the VMC 
stimulating it. This reflexly causes rise of BP and it is 
called somatosympathetic reflex. 


. Axon reflex (Fig. 32.4): In this reflex, on stimulation 


of the skin by a linear stroke, afferent nerve impulses 
are conducted orthodromically in normal direction 
toward the spinal cord. At the same time, the afferent 
nerve impulses stimulate branching nerve fibers 
antidromically. These antidromic nerve impulses cause 
vasodilatation in blood vessels close to the area of 
cutaneous stimulation. The neurotransmitter involved 
is substance P. 

The typical redness of flare reaction in “triple 


response” (see p. 354) is explained by vasodilation 
caused by axon reflex. 


Note: This is one of the few reflexes in the body, which does 
not have an integrating center in the CNS. 






;— Afferent impulses 
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- Vasodilation in 
blood vessel 


Fig. 32. 4: Axon reflex (see text). 





y 








EXPERIMENTAL PROOFS OF BARORECEPTOR REFLEX AND 
VALSALVA MANEUVER 


1. The effects of barorecep 


tor reflex can be observed 
in an experiment in which the vasoconstrictor agent 
phenylephrine is given as infusion. This causes 4 rise 
in the blood pressure. Changes in the heart rate are 
recorded simultaneously. 

Now, if the heart rate is graphically plotted against BP, 
it is found that the heart rate shows a linear decrease 
with rising BP. This proves the existence of baroreceptor 


reflex. 


2. The effects of baroreceptor reflex can again be demon- 


strated by a simple procedure e.g. Valsalva’s maneuver. 

q. In this, the subject is asked to forcefully expire 
against a closed glottis for a little while. This raises 
the intrathoracic pressure to +40 mm Hg. Now, the 
following sequential changes in BP occur: 
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® First, the BP rises. This is because the raise aie 
intrathoracic pressure directly presses on a 
aorta and raises the BP. . 

@ Next, the BP falls. This is because the raise 
intrathoracic pressure obstructs venous retur 
and cardiac output decreases. 7 

» This low BP decreases baroreceptor dischar 
and there is reflex peripheral vasoconstrictine 
with tachycardia. 


_ As the subject resumes respiration and glory). 
5 


opens, the intrathoracic pressure returns to norma| 
-y venous return and cardiac output also become 
normal. - 
However, the BP remains above normal as the 
peripheral vasoconstriction is still there. 


_ Finally, this rise in BP acts on baroreceptors 


producing bradycardia and vasodilation anq 
ultimately the BP is restored to normal. 





BLOOD PRESSURE 


Although we loosely use the term “blood pressure (BP)” 
very often, the correct term should be mean arterial BP. 
Blood pressure can be of two types—(1) end pressure 
or perfusion pressure exerted at the end of blood column 
and (2) lateral pressure exerted on the wall of blood vessels. 
End pressure can be determined only by invasive 
method, e.g. inserting a cannula into the blood vessel and 
connecting it to a manometer. Hence, it is unsuitable for 
routine clinical purposes in man. Since, under normal 
physiological conditions, end pressure and lateral pressure 
are proportional (see Bernoulli's principle, p. 253), BP is 
clinically estimated by measuring the lateral pressure 
through noninvasive procedure, e.g. sphygmomanometry. 
Several essential terms associated with BP, are: 

“ Systolic BP: Highest BP in a cardiac cycle observed in 
systole. Normal range is between 100 mm Hg and 130 
mm Hg. Its value is related to cardiac output. 

“: Diastolic BP: Lowest BP in a cardiac cycle observed in 
diastole. Normal range is between 60 mm Hg and 90 
mm Hg. Its value depends on peripheral resistance. 

* Pulse pressure: It is the difference between systolic BP 
and diastolic BP. 

One should note that pulse pressure depends on two 
things: 

1. Stroke volume: Greater the volume of blood ejected 

during systole (greater the stroke volume), greater 

will be the rise of systolic pressure. So, pulse pressure, 
which is the difference between systolic and diastolic 
pressures, will be higher. 

. Compliance of the arterial system: The rise in systolic 
pressure will decrease, if the compliance of the arterial 
system increases. Thus, pulse pressure will be lower 
in case of more compliant arteries. That explains why 
pulse pressure is relatively high in old persons with 


Iho 


Blood Pressure and Its Regulation 


noncompliant and arteriosclerotic arteries. In fact, 

pulse pressure « stroke volume/ compliance of arterial 

system. 

Mean BP = Diastolic BP + one-third pulse pressure. It is 
not the arithmetic mean between systolic BP and diastolic 
BP as systole and diastole have different durations. 

Basal BP—it is the BP measured under basal 
conditions, e.g. at complete physical and mental rest, 12 
hours after the last meal. 


§ OVERVIEW 


Mean arterial BP is the product of cardiac output and 
peripheral resistance (see below). Thus, mean arterial 
BP partly depends on cardiac output, i.e. the amount of 
blood that the ventricle is pumping out per minute into 
the arterial system, which has a certain capacity. It is easy 
to conceive that as the amount of cardiac output pumped 
into the arterial system increases, the arterial system will 
contain more blood and BP will rise. 

Now, blood drains from the arterial system via the 
capillaries into the veins. The arterioles (the resistance 
vessels) are located at the junction between the arterial 
system and capillaries. The diameter of the arterioles 
is regulated by sympathetic nerves and therefore, the 
resistance exerted by them is variable. One should note that 
the peripheral circulation is made up of parallel circuits 
through various organs, e.g. the skin, the viscera, the lungs, 
the muscles, the brain, etc. The resistance in the individual 
circulations varies and collectively these constitute the 
total peripheral resistance. 

When the resistance vessels (arterioles) constrict, 
peripheral resistance increases and exit of blood from 
arterial system is impeded leading to rise in BP, By 
constriction, these resistance vessels raise the BP when it 
tends to fall. This maintains adequate tissue perfusion of 
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by sympathetic simulation of parasympathetic inhibition 
Sympathetic inhibition or parasympathetic SUMUlation 
Jecpenses heart pate, 

Soke yoluine Increases with increased sympatherie 
aoiyily, Which Increases Contraculity, It also depends on 
venous yeturn, Yenous return, in turn, is influenced 
cardiac suction, mean systemic filling pressure (MSpp) 
Hhoracke pump, muscle pump, sympathetic VASOCONStrictoy 
tone, blood yolume, and gravity (p, 197), 

Increased blood yolume raises venous return, stroke 
volume, and wiimately cardiac output 

factors influencing blood volume are vasopressin, 
alnal natnuretic peptide (ANP), and modulators of renin. 
angiotensin aldosterone axis, which regulate salt ang 
water balance, 

Stroke volume is reduced by an increased afterload, 
eg high bP 


Total Peripheral Resistance 


Vactors influencing peripheral resistance are—(1) diameter 
of artenoles (seat of peripheral resistance ); (2) viscosity of 
blood, 


Flowchart 34,1; factors determining blood pressure. 
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From Poiseuille-Hagen formula, (see p. 254) we derive 


that: 


ur 
F=(P, -P.)x— 
_ = 8yl 


where, F = Flow (equivalent to cardiac output) 


p. - P, = Pressure gradient (equivalent to BP) 
n = Viscosity of blood 

| = Length of blood vessel 

r= Radius of blood vessel. 

Now, 

R (peripheral resistance) 


_(, > P, ) _ 8nl 
F mr’ 
This is because, BP = cardiac output x peripheral 
resistance, so, P,- P.=F xR, 
orR _(P, - P,) 
F 


So, itis evident that peripheral resistance varies mainly 


with: 
a. Viscosity of blood 
b. Radius of blood vessel. 


It is to be noted that peripheral resistance varies 


inversely with the fourth power of radius. Thus, a small 
decrease in radius causes a significant increase in peripheral 
resistance and vice versa. That is why the role of sympathetic 
vasomotor tone, which regulates radius of blood vessel, is 
so important in regulating peripheral resistance. 


da. 


Some factors influencing radius of blood vessels are: 
Sympathetic vasoconstrictor tone (as mentioned 
above)—sympathetic stimulation causes vasoconstric- 
tion. Withdrawal of sympathetic vasoconstrictor tone 
causes vasodilation. 


- Local metabolites, e.g. vasodilation caused by tissue 


metabolites (YO., 'CO., adenosine, etc.) in exercise. 


. Vasopressin and angiotensin II act as potent vasocon- 


Strictors. 
All these factors alter radius of blood vessel and affect 


(otal peripheral resistance. 


. er VARIATIONS OF BP 


Ls 


2. 


3. 


Age: BP rises with age. In elderly people, the Windkessel 
effect (p. 344) is reduced due to loss of elasticity in large 
arteries. As a result, systolic BP is elevated but there is 
fall in diastolic BP. 

Sex: Females have lower BP than that in males of 
same age. But this difference is not perceptible in 
Postmenopausal women. 


Meals: There is an increase in BP following meals. 


4. 


vl 


. ante 14> | ih 
Emotion: Anger, excitement, etc, cause a Tis a BI 
whereas occasionally, panic can cause a sharp fallin 
BP leading to fainting. 


. Sleep: BP falls during sleep usually, 


6. Temperature: Cold-induced vasoconstriction elevates 


~J 


BP whereas vasodilatation in hot weather leads to a fall 
in BP. 


. . ¥ > ) 
. Exercise: Described in detail in regulation of BI 


(see below). 


. Posture: In standing position, systolic BP shows a 


decrease whereas diastolic BP shows an increase 
compared to values in supine position, 


Bf REGULATION OF BLOOD PRESSURE 


The bodyis constantly exposed to various externalorinternal 
stimuli, which tend to cause changes in BP. However, the 
body is equipped with an effective and elaborate regulatory 
arrangement by which it can prevent changes in BP and 
maintain it ata steady level, which facilitates smooth tissue 
perfusion. The regulatory mechanisms are: 


A, 
B. 
C. 


Short term 
Long term 
Others. 


Regulation of blood pressure 
\ Short-term regulation: 


# Baroreceptor retlex 
e# Chemoreceptor reflex 
CNS ischemic response 


\eLong-term regulation: 


® Renal mechanism 
@ Renin-angiotensin mechanism 


ADH mechanism 
# ANP mechanism 


™» Others: 


A, 


® Capillary Nuid shift mechanism 
@ Stress-relaxation 

Other influencing factors: 

® Effect of exercise 

® Effect of emotion 

@ Effect of respiration 


Short-term mechanisms include 
a. Baroreceptor reflex 
b, Chemoreceptor retlex 


ce Central nervous system (CNS) Ischemic response 


a. Baroreceptor reflex—streteh-sensitive banorecep 
(Ors Are presentin carotid sinus, aortic 


| abel, subela 
Vian, and other major arteries. 


kl Ce 


A rise in BP stretches and stimulates these 
baroreceptors, and afferent impulses from them 
are carried by the glossopharyngeal nerve (in case 
of carotid sinus baroreceptors) and vagus nerve 
(in case of others) to the NTS (nucleus tractus 
solitarius) in the medulla. 

Stimulation of NTS inhibits rostral ventrolateral 
medulla (RVLM) and thereby inhibits the 
sympathetic efferents supplying the heart and 
blood vessels. So, there is a drop in heart rate and 
stroke volume as well as vasodilation, This leads toa 
decreased cardiac output and decreased peripheral 
resistance. Both cause a drop in BP, which tends to 
be restored to the original value. 

A fall in BP evokes opposite responses. 

. Chemoreceptor reflex—chemoreceptors (glomus 
cells) present in carotid and aortic body are 
stimulated by chemical stimuli such as hypoxia, 
hypercapnia, and acidosis. The afferents from 
chemoreceptors stimulate medullary cardio— 
respiratory centers. The usual cardiovascular 
responses, which are relatively minor and are 
secondary to respiratory stimulation (the major 
response), include a rise in heart rate and BP. 

When BP is between 40 mm Hg and 80 
mm Hg, baroreceptors are inactive. However, 
chemoreceptors are stimulated by hypoxia 
due to hypotension and they reflexly increase 
vasoconstrictor tone. Thus, BP is raised. This reflex 


OO 


ig mediated through glossopharyngeal and we 
nerves (1X and X) which, when sectioned, « 4), ja ‘ 
fall in BP in this pressure range 

¢. Central nervous system (ONS) ischemic respon. 
when BP fallo below 60 min Hy, the vacuo 
center (VMC) is directly stimulated very strep, 
by locally accumulated CO, and lactic acid {hig 
raises BP, often ag a last-ditch effort to Counterseg 

/the severe fall in BP. 

_B Long-term regulation of BP (Flowchart 93.2): | ong. 
term regulation of BP is effected mainly throug): egy 
lation of blood volume. The relationship of change ip 
blood volume to change in BP is a9 follows 
Increased blood volume —» rise in MSEP > increased 
venous return to the heart —» increased Cardiac ourpag 
~» rise in BP. 

Thus, mechanisms which regulate blood volume alsg 

play a role in regulation of BP. 

Such mechanisms of long-term regulation of BP are 

1. The renal mechanism (somewhat controversial) Agy 
change in BP will lead to equivalent change in renal 
perfusion pressure. This will cause alicred filtration 
and altered Na’ and water outputin urine 


‘Thus, arise in BP — rise in renal perfusion pressure 
-» increased glomerular capillary bydrostatie 
pressure —» rise in GFR — increased loos ol Na and 
water in urine — this reduces plasii. and blood 
volume — MSFP decreases — decre used venous 
return leads to } cardiac output >» HP) lec reases, 


Flowchart 33. 2: Long-term regulation of blood pressure. 
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This process of BP regulation require 
hours to take effect and it is g very powe 
term controller of BP. 

This renal mechanism, supported by experimental 
evidences, is known as pressure natriuresis and 
pressure diuresis. 

Another cause of 7 GFR due to 7 BP is like this: 

* BP activation of baroreceptor reflex > inhibition 
of sympathetic nerves supplying afferent arterioles 
of kidney — vasodilation of afferent arterioles 
-+*GFR-7 Na’ and water loss in urine. 

This renal mechanism is supplemented by the 
following three hormonal mechanisms, which also 
control blood volume and thereby BP. 


5 several 
rful long- 


_ Renin-angiotensin mechanism (Flowchart 33.3): 


When there is fall in BP, renin is secreted in 
increased quantity from the juxtaglomerular cells 
in afferent arterioles in the kidney. This is due to: 

4. Stimulation of renin-secreting juxtaglomerular 
cells, which act as intrarenal baroreceptors. 
These cells secrete renin in response to low BP. 

b. Increased sympathetic activity, triggered by low 
BP. This also stimulates renin secretion. 

c. Decreased delivery of NaCl in macula densa. 


————S SSS 





This increased amount of renin reacts with ango 
lensinogen in plasma producing angjotensin |» 
angiotensin | is converted to angiotensin I by 
angiotensin converting enzyme (ACK) present in 
pulmonary capillary endothelium. 

Angiotensin I has three important effects: 

L It causes marked vasoconstriction 7 rise in BY 

i. It stimulates secretion of antidiuretic hormone 
(ADH) ~— increased absorption of water from 
collecting tubules of the kidney — rise in 
extracellular fluid (LCF) volume and blood 
volume —» rise in BP. 

ii. It stimulates secretion of aldosterone from 
adrena! cortex + increased Na’ and water 
absorption —» rise in BECK volume and blood 
volume ~ rise in BP. 

Thus, diminished BP is restored to normal, 


. Antidiuretic hormone mechanism: Rise in BP 


associated with rise in blood volume > directly 
stimulates low pressure baroreceptors in the atria! 
wall and pulmonary vessels > reflex decrease in 
ADH secretion from posterior pituitary » fall in 
ECF volume and blood volume a» 4 consequence 
of decreased water reabsorption from the kidney 
resulting in diuresis > fall in BP 


Flowchart 33. 3: Renin-angiotensin mechanism 


ae 





| 1 BP | 


\ nee: angiotensin converting enzyme; BP: blood pressure, ECF extracellular fluid, PCT prommal convoluted tubule) 
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\4. Atrial natriuretic peptide mechanism: Rise in BP 
associated with rise in blood volume — stimulates 
receptors in atrial myocytes resulting in ANP 
secretion —> increased excretion of Na‘ and water 
- fallin ECF volume and blood volume — fall in BP. 

In all of the above, initial change in BP in opposite 
direction leads to opposite effects, which ultimately 
restore BP to original value. 

. © Other regulating factors: 
|. Capillary fluid shift mechanism: Fall in BP — less 
fluid transudation in arterial end of capillaries and 
entry of more fluid in venous end — rise in blood 
volume = restoration of BP. 


ise in BP leads to opposite effects. 
wa ieee relaxation of vascular smooth muscles: It is 
y the property of smooth muscles to return to their 
original force of contraction (tone) following stretch 


or shortening. 

\_ Rise in BP > stretch on vascular smooth muscles 
~ in prolonged stretch, smooth muscles of blood 
vessels relax. Due to this property of stress relax- 
ation, muscle tension decreases — so, BP is lowered. 

Conversely, when there is a fall in BP, there is 
“reverse stress-relaxation”. The smooth muscles of 
blood vessels contract to a smaller volume with 
increase in muscle tone > BP rises as a result. 

D. Some other factors altering BP: 

1. Effect of respiration: In inspiration, the lungs 
are inflated and blood is held back in expanded 
pulmonary blood vessels — diminished venous 
return to left ventricle > diminished left ventricular 
output — fall in BP. 

In expiration, reverse is true. 

This effect is exaggerated in patients with severe 
asthma or pericardial effusion, who show “pulsus 
paradoxus’. The paradox lies in the fact that heart 
sounds are audible by a stethoscope but the pulse 
is not palpable during inspiration due to low BP. 

Another reason behind this finding is central 
irradiation of neural discharge from the respiratory 
center to the VMC during inspiration. The effect in 
late inspiration and in expiration is a rise in BP. 

. Effect of emotion: Stimulation of limbic areas due 
to emouon causes sharp rise of BP in anger, sexual 
excitement, etc. However, BP falls in fright. 


hr 


EFFECT OF EXERCISE ON BLOOD PRESSURE ~~ 


In exercise, rise in BP is associated with sympathetic 
overactivity, which again is due to: 
a. Neural discharge (central command) from the hyper- 
acuive motor cortex, which stimulates the medullary 
sympathetic cardiovascular centers. 


Effect on Systolic Blood Pressure 


In both isotonic and isometric exercise, systolic pp 
increases. In isotonic exercise, there is considerable 
increase in cardiac output which, in turn contributes ¢& 
rise in systolic BP. Rise in cardiac output is mainly due t» 


(Flowchart 33.4): 










‘ aia, 
b. Reflex stimulation of sympathetic nerves by IMpulseg 
arising from the mechanoreceptors and chemorecepr, a 


in muscle. 


reased heart rate: It occurs due to psychic factor 
sympathetic overactivity, and decreased vagal tone. 
Two other factors also contribute to increase in hear 
rate during exercise. These are: 
i. The increased venous return distends right atrium 
This increases heart rate through Bainbridge reflex. 
ii. Local rise in temperature in rapidly contracting 
heart muscles also causes a rise in heart rate, bya 
direct effect on sinoatrial (SA) node. 


Ub Increased venous return due to: 


‘4; Increased “muscle pump” activity in exercise due to 
skeletal muscle contraction. 

ji increased “thoracic pump” activity of diaphragm 
due to rise in rate and depth of respiration in 


exercise. 
uit Increased sympathetic venomotor (one causing 
constriction of capacitance vessels (\ eins). 


During exercise, the diastole is very much 
shortened due to the high heart rate. |his tends to 
reduce ventricular filling. It is the incre ssed venous 
return during exercise that helps i increasing 
ventricular filling during this shortened diastole. 
This increased end diastolic volume || {)\’) makes 
possible the increased stroke volume and cardiac 
_ output required during exercise. 

. Stroke volume: In isometric exercise, stroke volume 

shows little change but in isotonic exercise, stroke 

volume increases appreciably due to three factors: 

Vi. Associated sympathetic stimulation increases 
cardiac contractility and stroke output 

‘li. The increased heart rate, by itself, increases force of 
cardiac contraction and stroke volume (see force 

‘ frequency relation; p. 192). 

\fi. In severe exercise, the greatly increased venous 
return augments stroke volume through Frank 
Starling mechanism by increasing EDV 


ct on Diastolic Blood Pressure 


a. In isometric exercise, diastolic BP increases because 
the tonic contraction of muscle in isometric exercise 
compresses the blood vessels. This increases peripher al 
resistance and thereby raises diastolic BP 


> FO 
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Flowchart 33. 4: Effect of isotonic exercise on BP 


| lsotonic exorcise | 


ees | nt ee —_—— 
| Increased heart rate Venous return it Stroke volume | | Vasodilatation | 


| | 


















Due to: | | | Due to: Due to: Due to. 
+ peratetc | 1. T Activity of 1. ? Contractility po, 
overactivity _ muscle pump 2. T Heart rate t 
ct § le | CO 
| 2. Parasympathetic 2. T Activity of induced rise it 






T [H] 
T [K’] 


T Adenosine 


thoracic pump 
3. T Sympathetic 
venoconstriction 


(force-frequency 
relation) 


3.TEDVdueto 
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, J Peripheral 
resistance 
Contributes to Lor unchanged | 
T systolic BP diastolic BP 


Nia (BP: Blood pressure; pO.: partial pressure of oxygen; pCO. : partial pressure of carbon dioxide) 


Therefore, in isometric exercise, both systolic and On the whole, total peripheral resistance (which 
diastolic BP increases. So, the mean BP rises significantly | determines diastolic BP) is either unchanged or falls and 
which is dangerous for elderly hypertensive individuals. | this is reflected ina similar change of diastolic BP. 

b, In isotonic exercise, diastolic BP remains unchanged 
or falls due to: Vasomotor Reversal of Dale 


Fall in partial pressure of oxygen (pO,), rise in | a, Adrenaline acts on a, and f,-receptors in vascular 
partial pressure of carbon dioxide (pCO,), rise in smooth muscle. 


'H’], rise in [K*], rise in adenosine level—all these, b 
produced locally in the muscle tissues, act on vessel 
wall causing vasodilatation > decreased peripheral 
resistance + fall in diastolic BP. 


af increased discharge of adrenaline in circulation d 
‘rom adrenal medulla during exercise > increased 
Circulating adrenaline acts on B,-receptor on 


Vasc ilatati lin . oo 
ae ae muscle — vasodilatation — fal e. However, if the subject is given an a-blocker and then 
stolic BP. 


an injection of adrenaline is given, only (},-stimulation 
occurs. This results in vasodilatation — fall (reversal) 
of BP. 
nso iD temper ature causing vasodilation. a This is called vasomotor reversal of Dale. 
hn hele exercise, there is widespread vasodilatation 
Dern d muscles and heart, leading to decrease in fy HYPERTENSION 
~'Pheral resistance. However, there is vasoconstriction 
Sn (initially and viscera (gut, kidney, etc.) leading toa | Persistent rise in BP is called hypertension. 
" Peripheral resistance. systolic or diastolic in nature. 


. Stimulation of «,-receptor causes vasoconstriction —> 
BP tends to rise. 


c. Stimulation of B,-receptor causes vasodilatation > BP 
tends to fall. 

. Normally, injection of adrenaline causes rise of mean 
BP as the vasoconstrictor effect overrides the vasodila- 
tor effect. 


Ai, Vasodilation by sympathetic cholinergic vasodilator 
system, 


lt may be 
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1. Rise in BP in sustained hypertension increases the 

afterload against which the ventricle is pumping out 

blood. If the hypertension persists for a prolonged 
period, the left ventricle becomes hypertrophied. This 
has two main disadvantages: 

a. The cardiac O, consumption is elevated to meet 
the demands of the increased work of pumping out 
blood against an increased afterload. 

b. The cardiac O, consumption increases still further 
as the ventricular muscle mass increases due to 
hypertrophy. 

This increased O, requirement makes the heart 
more susceptible to myocardial ischemia, e.g. 
angina or infarction. 

. Moreover, hypertension itself predisposes to ath- 


Long-term Effects of Sustained Hypertension 4. Prolonged hypertension may suddenly enter a ph ac, of 


_ Causes of hypertension: tn general, hypertension 


rapid progression characterized by arteriolar ne sig 

papilledema, cerebral, and renal symptoms Thi. i 

known as malignant hypertension. 

has 

been divided into: 

a. Primary or essential hypertension—withou any 
known cause. 

b. Secondary hypertension—secondary to a specifig 
cause, 

a. Essential hypertension: |n 90% of hypertensive 
patients, no specific cause of hypertension can be 
isolated. So they are grouped under primary o¢ 
essential hypertension. 

b. Some causes of secondary hypertension: 
¢ Glomerulonephrits 


— @ Renal artery stenosis 
erosclerosis. As a result, myocardial infarction may @ Cushing's syndrome 
result even without appreciable enlargement of the ¢ Conn’s syndrome (primary hyperaldosteronism) 
heart. . ¢ Pill hypertension occurring in women using 
. Finally, the increased afterload may prove too much for contraceptive pills 
the pumping capability of the heart and this may result @ Others, e.g. preeclamptic toxemia, Coarctation of 
in heart failure. aorta, etc. 
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INTRODUCTION 


« The rate at which the heart beats is heart rate. 
« Normal heart rate is about 72/min, although the normal 


range is between 60/min and 100/min. 


* Heartrate more than 100/min is called tachycardia. 
* Physiologically, causes of tachycardia include excite- 


ment, exercise, etc. 


* Pathologically, tachycardia is caused by fever, 


thyrotoxicosis, etc. 


* Heart rate below 60/min is called bradycardia. 
* Physiologically, bradycardia may be caused by sleep. It 


is also seen in athletes due to high vagal tone. 


* Pathologically, bradycardia is caused by myxedema, 


heart block, raised intracranial tension, etc. 


EFFECT OF SYMPATHETIC AND PARASYMPATHETIC 


wa ON HEART RATE 


] 


- Both sympathetic and parasympathetic stimulation ac 


on sinoatrial (SA) node, the pacemaker of heart, which ° 


determines the heart rate. 


2. On vagotomy, the sympathetic drive acts unopposed. 


Ww 


ow 


This increases the heart rate to about 150/min. 

- Incontrast, on sympathectomy, the heart beats at a rate 
of 60/min, driven solely by vagal discharge. 

- Normally, both influences combine to cause a resting 
heart rate of 72/min. 

If, however, both sympathetic and parasympathetic 
fibers are sectioned, the heart beats at its own intrinsic 
rhythm. This heart rate is known as the intrinsic heart 
rale, It is about 100/min., 


. Thus, it is obvious from the above that, under normal 


conditions, the vagal tone is predominating as the 
resting heart rate is significantly lower than the intrinsic 
heart rate. 


Heart Rate 


Bf] PHYSIOLOGICAL VARIATIONS IN HEART RATE 


ONAN 





. Respiration: Heart rate rises during inspiration and 


falls during expiration. This is called sinus arrhythmia 
(see below). 


. Age: At birth, the heart rate is very high (130-140/min). 


Thereafter heart rate decreases with age. 


. Sex: Females have slightly higher heart rate than that of 


their male counterparts. 
Women in a stage of advanced pregnancy show a rise 
in heart rate. 


. Exercise: Heart rate rises appreciably in exercise. 


Athletes have a low heart rate due to high vagal tone. 


. Emotion: Anger, excitement, etc. cause a rise in heart rate. 
. Sleep: Heart rate decreases in sleep. 

. Meals: There is a rise in heart rate following a meal. 

. Posture: Heart rate is greater in Standing posture 


compared to its value in supine position. 


TORS CONTROLLING HEART RATE (FIG. 34.1) 


Principal factors which control heart rate include 
baroreceptor reflex, chemoreceptor reflex, Bainbridge 
reflex, etc. 


Baroreceptor Reflex — ~~ 


°. 
°° 


Receptor: Free nerve endings acting as stretch receptors 
are present in the tunica adventitia in the carotid sinus, 
aortic arch, subclavian artery, common carotid artery, 
etc. 

Afferent limb: Glossopharyngeal nerve from carotid 
sinus; vagus nerve from rest. 

Center: Vagus and glossopharyngeal nerves converge 
at NTS (nucleus tractus solitarius). NTS is connected 
with CIC (cardioinhibitory center), RVLM (rostra| 
ventrolateral medulla), and RC (respiratory center). 
NTS stimulates CIC while it inhibits RVLM and RC, 
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Fig. 34.1: Determinants of heart rate. 
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Fig. 34.2: Relation between mean arterial pressure and heart rate. 


«+ Efferent limb: From CIC, the efferent limb is the vagus 


nerve which on stimulation produces bradycardia. 
From RVLM, the efferent response is mediated 

through sympathetic nerves, which on stimulation 

causes tachycardia. So, inhibition of RVLM causes 

bradycardia. 

Baroreceptor reflex causes decreased heart rate in 

response to increased blood pressure and vice versa 

(Fig. 34.2). 

This is also known as Marey’s law, which states that: 

Heart rate ~ 1/blood pressure. 

This means that when the BP rises, there is a reflex 


decrease in heart rate. In contrast, the heart rate increases 
when there is a fall in BP (Flowchart 34. 1). 


pressure / 


Please note that the reverse is not true, i.e. “blood 
1/heart rate” or “increased heart rate leads to 


decreased BP” is not correct statement. 


“ 


Exception \o Marey’s law is exercise, when both heart 
rate and BP increase simultaneously. 
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Flowchart 34.1: Mechanism of Marey’s law 
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* Mechanism of baroreceptor reflex causing a decre 
in heart rate: 

Rise in BP stretches and stimulates caroud s): 
and aortic arch baroreceptors — stimulation 
glossopharyngeal and vagal afferents —> stimulatio 
NTS, from where a stimulatory influence goes to the 
at the medulla — decreased heart rate through \. 
stimulation. Also, stimulation of NTS inhibits RVLM 
results in inhibition of sympathetic nerves Co the heart 
it causes bradycardia. 

Fall in BP has opposite effects. 


ee 


Chemoreceptor Reflex 
« In chemoreceptor reflex, the receptors are glomus 
contained in carotid body and aortic boc \ 
« Carotid body is located near the bifurcation 0! 


common caroud artery. 

« Glomus cells can sense the chemical simul, te. pu 
pressure of oxygen (pO,), partial pressure of carb 
dioxide (pCO,), and pH of blood. 

+ Afferent impulse from carotid body goes throu 
glossopharyngeal nerve while vagus nerve CA! 
impulses from aortic body. 

* The afferents converge on the medullary cardioresp 
tory centers. 

+ When different stimuli, e.g. decreased pO, tncres 
pCo,, and increased [H’] stimulate chemorecep!’ 
they mainly cause stimulation of respiracen 
hyperpnea. In addition, they also cause mii 
cardiovascular system (CVS) changes, e.g. rise BP a 
tachycardia. But these CVS responses are secondal\ 
respiratory changes. If the respiration can be kep! 
check as in a diving seal under water, the tach card 
is converted into bradycardia 
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gainbridge Reflex 
~ In this reflex, aight atrial congestion € to any cause 


reflex tachycardia when the initial heart rate is low, 
~ Itisatrue reflex and not due to local stretch (see p. 213 
for details). 


Effect of Respiration (Flowchart 34.2) 


inspiration increases heart rate while expiration decreases 
eart rate. This is known as sinus arrhythmia. 


There are four different explanations: 

j. Irradiation of nerve impulses fromRC to cardiovascular 
center in medulla during inspiration Causes increased 
heart rate. This is called central irradiation. During 
expiration, heart rate decreases due to absence of this 


central irradiation. 

eee Bainbridge reflex) Inspiration — decreased 
intrathoracic pressure — increased venous return + 
increased right atrial filling — increase in heart rate. 
In expiration, vice versa. 

3. Inspiration -> stretching of receptor in lung airways > 
increased neural discharge in vagal afferents supplying 
lung airways — reflexly inhibits CIC > increase in heart 
raie. 

4. Inspiration — decreased left ventricular output (blood 
held back in expanded lung vessels) decreased BP —> 
increased heart rate, acting through baroreceptor reflex. 


_ Cushing’s Reflex 


Increased intracranial pressure + compresses on blood 
\_sessels supplying vasomotor center (VMC) —> hypoxia 


and hypercapnia in VMC stimulates VMC itself strongly 
— strong peripheral vasoconstriction — rise in BP - 
baroreceptors are activated causing bradycardia. 

That is why, in meningitis with raised intrécranial 
pressure, bradycardia is a common accompaniment 


Hormones 


Excess presence of thyroid hormone (thyrotoxicosis) oT 
adrenaline results in increased heart rate and vice versa 


Temperature 


1° F rise in temperature increases heart rate by 10. 

If, however, the increase in heart rate is proportionately 
more than what it should have been for the rise in 
temperature, it is known as relative tachycardia. lt is found 
in tuberculosis, for example. 

Conversely, when increase in heart rate is less than 
what it should have been for the rise in temperature, it 
is known as relative bradycardia. It is commonly seen in 
typhoid fever. 


Pain 


Stimuli such as a painful blow on the abdomen may 


decrease heart rate while other types of pain may increase 
heart rate. 


Others 


Stretch, temperature changes, and circulating chemicals. 
e.g. catecholamines can act locally on SA node and alter 
heart rate. 


Flowchart 34.2: Effects of inspiration on heart rate. 
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B SPECIAL FEATURES 


1. The circle of Willis is formed by branches of two internal 
carotid and two vertebral arteries. It appears to be ideal 
for collateral circulation. However, functionally it is not 
so and unilateral arterial blockade leads to ischemia on 
the affected side (Fig. 35.1). 

2. Blood-brain barrier: 

a. Many substances are prevented from entering the 
brain interstitial space from the cerebral blood 
vessels. This is due to the presence of a “blood-brain 
barrier” Notable exceptions are oxygen (O,), carbon 
dioxide (CO. ), etc. 

b. The main functions of blood-brain barrier are to: 
¢ Maintain the delicate balance of neurotransmit- 

ters and ions in the brain, which prominently 

influence the activity of neurons. 
¢ Prevent entry of toxic materials into the brain. 

Similar specially protected areas are the testis 
and the fetus, guarded by blood-testis barrier and 
placental barrier, respectively. 

c. Basis of blood-brain barrier: 

i. Presence of tight junctions between capillary 
endothelial cells, which are nonfenestrated. 

ii. The end-feet of astrocytes (neuroglial cells) cover 
the outer surface of capillaries and they help in 
formation of tight junctions. 

iii. Absence of vesicular transport across vascular 
endothelium. 

All the three factors mentioned above, prevent 
passage of substances from blood to the brain 
interstitial space. Hence, they contribute to the 
formation of blood-brain barrier. 

d. An important component of blood-brain barrier is 
the neurovascular unit, which consists of neuron, 
astrocyte, extracellular matrix, pericyte, and vascu- 
lar endothelium. 
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Fig. 35.1: Cerebral circulation showing circ'e of Willis. 
Pericyte regulates blood flow by alicring diameter 
of blood vessels. It also secretes angio poietin which, 


in turn, helps in the formation of occludin. Occludin, 
a tight junction protein, plays a major role in forming 
the blood-brain barrier along with juncuonal 
adhesion molecule-1 (JAM-1) and claudin whica 
are other proteins involved with tight juncuon. 

The main function of neurovascular unit's 
regulation of local blood flow and capillary 
permeability, which are intimately related to blood- 
brain barrier. 


. In newborn, blood-brain barrier is poorly 


developed. High level of free bilirubin in Rh (+) 
babies affected with hemolytic disease of newbor™ 
which is amplified by an immature bilirub!® 
conjugating system, crosses blood-brain barrie! 
and is deposited in basal ganglia. This condivo? 
is known as Kernicterus and it is associated wi! 
extrapyramidal symptoms. 
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blood-brain barrier is deficient in brain tumors, In 
growing tumors, the newly formed blood vessels do 
not have adequate contact with astrocytes. Hence, 
tight junctions are not properly formed leading to 
“leaky” blood-brain barrier. Thus, radioactive dyes 
are able to penetrate into tumor tissue enabling 
their easy delineation. 

3. Cerebral blood flow shows autoregulation, 
Thus, between 60 mm Hg and 150 mm Hg perfusion 
pressure, cerebral blood flow is kept constant. 

4. Cerebral blood flow is influenced by gravity. The 
cerebral arterial perfusion pressure is decreased due 
to the action of gravity but the pressure in the veins 
is similarly affected. Thus, the arteriovenous pressure 
difference is not much altered. 

5. The cerebral blood flow is a prime necessity for brain 
neurons. Anoxia lasting only 5 seconds may lead to 
unconsciousness. Anoxia for a few minutes may lead 
to irreversible brain damage. 

6. The two most important requirements of brain are O, 
and glucose. O, is essential because the brain depends 
exclusively on aerobic metabolism for its required 
energy [adenosine triphosphate (ATP)]. Again, the only 
energy-producing fuel utilized by the brain is glucose 
(and rarely, keto acids to a small extent). Added to this 
is the fact that the brain does not store glucose. Due to 
the above factors, cerebral circulation responsible for 
supplying both O, and glucose to the brain is vitally 
important. 


l] REGULATION OF CEREBRAL CIRCULATION 


1. Autoregulation—already mentioned. 
2. Intracranial pressure: 
a. The intracranial pressure plays an important role in 
cerebral autoregulation. 
b. The brain is enclosed in a rigid box, which 
contains the brain and blood vessels suspended in 
cerebrospinal fluid (CSF). 


Circumventricular organs 


The blood-brain barrier prevents entry of many substances 
into the brain from cerebral blood vessels. However, there 
are a few areas in the brain known as circumventricular 
organs where the blood-brain barrier does not exist, i.e. 
these organs are termed to be “outside the blood-brain 
barrier” The blood capillaries in these locations are 
fenestrated and permeable, allowing free passage of various 
substances into the brain. 
The circumventricular organs include: 
. Ventral part of median eminence of hypothalamus 
. Posterior pituitary 
. Area postrema 
. Subfornical organ (SFO) 
. Organum vasculosum of lamina terminalis (OVLT). 
The ventral part of median eminence allows entry of 
hypophysiotropic hormones of hypothalamus into the 
long portal vessels, through which the hormones ultimately 
reach the anterior pituitary. 

Similarly, the posterior pituitary allows entry of 
vasopressin and oxytocin secreted from neurons, into the 
general circulation. 

Area postrema, SFO, and OVLT contain receptors in brain 
which bind with specific circulating agents or “triggers” 
resulting in alteration of brain function. 

Area postrema is a part of CTZ (chemoreceptor trigger 
zone) which plays an important role in causing vomiting in 
response to various chemical triggers. 

Angiotensin Il, by acting at area postrema, causes 
changes in BP. However, angiotensin I! produces thirst by 
acting on SFO and OVLT. 

OVLT has two other important functions: 

Firstly, the osmoreceptors which regulate ADH secre- 
tion in response to plasma osmolality are located in OVLT. 


Secondly, IL-1 produces fever by acting on this organ 
(OVLT). 


conn Oo Pp 


4. Chemical regulation: 





a. Arterial pCO, is an important regulator of cerebral 
blood flow. When there is a rise in arterial pCco,, 
cerebral blood flow also rises proportionately. The 
rise in pCO, leads to diffusion of CO, from arterial 
blood into the brain tissue. Next, there is hydration 
of CO, into carbonic acid followed by its dissociation 
into H’ ions in the brain tissue. These H* ions are 
believed to cause vasodilation resulting in increase 
in cerebral blood flow. 

The elevated blood flow has a beneficial effect as it 
removes CO, from the brain. This helps in maintaining 
the cerebral tissue pH within normal limits. This is 
essential for normal neuronal activity in the brain (a 
rise in H* ion concentration inhibits neuronal activity). 


According to Monro-Kellie doctrine, the sum of the 
volume of intracranial contents will always be the same. 

Thus as the volumes of brain and CSF (which are in- 
compressible) are constant, any increase in intracranial 
blood flow tends to increase intracranial pressure. 

This elevated intracranial pressure will compress 
the arteries, bringing down the flow automatically. 
Conversely, / cerebral blood flow leads to decreased 
intracranial tension > the arteries dilate — increase 
in cerebral blood flow. 

3. Neural regulation—under normal conditions, neural 
influences are negligible on cerebral blood flow. How- 
Ever, in extremes of mean arterial pressure, autonomic 
nerves help in increasing the range of autoregulation. 
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Arterial pO, less than 30 mm Hg also causes vasodila- role. Astrocytes which form a link between neurong 
and vascular smooth muscles in the neurovascula; 


tion and this restores supply of O, to brain tissue. j 
unit, form inositol 1,4,5-triphosphate (IP ), wher 


Nofe: One should note that intracranial hemorrhage or activated. IP, releases Ca‘ which opens Ca”-activateg 
tumor raises intracranial pressure. This causes compression big K* channel. The release of K‘ outside the cell lead. 
of cerebral blood vessels with reduced blood flow to the to hyperpolarization. This leads to decreased entry of 
brain. This, by itself, can lead to neurological symptoms. Ca‘ into the cell resulting in vasodilatation. 
> 5. Local neuronal activity plays an important role in Similarly, increase in H* concentration (acidosis) 
regulation of local blood flow in the brain. For example, stimulates Ca** sparks from endoplasmic reticulum, 
7 activity in the muscles ofa limb leads to increased blood This Ca** opens Ca‘*-activated big K~ channel leading 
flow in the corresponding contralateral areas of the to K* efflux. This causes hyperpolarization and vasodila- 


motor cortex, which are activated during contraction tion. 
of the same limb muscles. This effect on circulation is Adenosine is another important local regulator of 
due to the action of some local factors. cerebral blood flow. Adenosine is formed particulariyin 


The most important local factors are H-, K*, and the event of hypoxia caused by an imbalance between 
adenosine. The neurovascular unit also plays a major O, supply and O, need. It is a potent vasodilator. 








INTRODUCTION 


¢ Coronary circulation perfuses the cardiac muscles and 
supplies oxygen (O,) and nutrient to them. 

+ Blood supply to the cardiac muscles comes from the 
right and left coronary arteries, which are branches of 
the ascending aorta. 


Special Features 


|. a. Unlike any other region, coronary circulation in 
left ventricle is unique in that it receives bulk of the 
blood flow during diastole and almost no flow occurs 
in systole especially to the subendocardial tissues 
(Fig. 36.1). 

This is because during systole, the intraventricu- 
lar pressure in the left ventricle, pressing on the ven- 
tricular wall, is higher than the intra-aortic pressure, 
which forces blood into the coronary arteries. 

The effect is most pronounced in the sub- 
endocardial tissue of left ventricular wall. The 
epicardial tissue is less affected. 

This is also due to compression of intramuscular 
blood vessels within the left ventricular wall during 
systole (see below). 

Furthermore, during systole, the rapidly ejected 
blood presses on the aortic valve cusps against walls 
of the aorta, thus occluding the openings of the 
coronary arteries in the aortic wall, lying behind the 
aortic valve cusps. Thus, passage of blood through 
coronary arteries is diminished in systole. 

b. In the right ventricle, however, the intraventricular 
pressure is much lower and, therefore, flow in the 
right coronary artery is high in systole as in other 
tissues. 

C. In the left ventricle, coronary blood flow increases 
sharply in diastole as intraventricular pressure drops. 
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Fig. 36.1: Changes in left coronary blood flow, right coronary 


blood flow, and aortic pressure in systole and diastole. 


d. As coronary blood flow in left ventricle increases 


in diastole, any factor that shortens diastole, e.g. 
severe tachycardia, diminishes left ventricular 
blood supply. 


. Also, coronary blood flow in left ventricle depends 


on diastolic blood pressure in the aorta. So, when 
diastolic blood pressure in the aorta is low as in 


aortic incompetence, left ventricular blood supply 
is reduced. 


. The muscles of ventricular wall have a compressing 


action (during contraction) on the blood vessels 
within the myocardium. This reduces the blood 
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supply especially to the subendocardial tissue, 

which is therefore particularly vulnerable to hypoxic 

injury, such as, ischemia or infarction, | 
g Aortic stenosis specially predisposes to ischemia in 
left ventricle due to two reasons. 

i Because of the aortic stenosis, the intraventricular 
pressure has to be much higher to overcome the 
stenosis. This rise in intraventricular pressure 
increases the compression of left ventricular 
wall during systole and diminishes the coronary 
blood supply further. 

ii. As blood is forced through the stenosed aortic 
valves, the work load and consequently the O, 
need of the left ventricular muscles are much 
increased. This further increases the chance of 
myocardial ischemia. 

h. In congestive cardiac failure, due to venous conges- 
tion, pressure inside the coronary sinus is increased. 
So, coronary perfusion pressure (arteriovenous 
pressure difference) diminishes reducing coronary 
blood flow. 

2. Shunt: 

a. Some of the venous blood draining the coronary 
circulation directly enters the lumen of cardiac 
chambers containing fully oxygenated blood. 
These pathways include: (1) arterioluminal vessels, 
(2) arteriosinusoidal vessels, and (3) Thebesian veins. 

b. This admixture of fully oxygenated blood in the left 
sided cardiac chambers with venous blood coming 
from the above mentioned channels is one of the 
causes of physiological shunt. The other important 
example of physiological shunt is mixture of 
bronchial venous blood with fully oxygenated 
pulmonary venous blood in the lungs. 

c. Arterial O, tension, which should be 100 mm Hg 
(same as that of alveolar air) drops to 95-97 mm Hg 
in the arteries due to physiological shunt in these 
two sites. 

3. Dominance: \n 50% cases, the right coronary artery 

dominates over the left coronary artery in supplying 

blood to the heart. This is right dominance. Left 
dominance is seen in 20% while the remaining 30% is 
equally supplied by both arteries. 

4. It is important to note that the degree of O, extraction 

by the cardiac tissue is highest in the body ranging 

between 9 mL/100 mL to 11 mL/100 mL. 

So, when the heart requires additional O., e.g. in 
exercise, the only way to provide this is by increasing 
coronary blood flow. 


5. The capillary density in cardiac muscle is very high. 


Each muscle cell is supplied by a separate capillary. 
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This reduces the intercapillary distance. As a regu), 
the capillary-to-cell diffusion processes are greariy 
facilitated. 


_ Normally, the larger branches of coronary artery haye 


no collateral circulation but collaterals do exist between 
smaller branches of coronary arteries. 

Recovery following myocardial infarction depends 
to a great extent on the rate and extent of developmen; 
of collateral circulation. 

In slowly developing ischemic heart disease, collar. 

erals develop side by side with narrowing of coronary 
blood vessels and this may delay or even prevent acute 
coronary ischemia. Exercise, done regularly, also helps 
in development of collateral channels. 
The heart obtains its energy mostly through oxidative 
processes. Of this, 50-55% is obtained from oxidation of 
fatty acids while glucose and lactate oxidation account 
for the rest. Abundance of mitochondria is evidence of 
the widely prevalent oxidative processes in the heart. 


J FACTORS REGULATING CORONARY BLOOD FLOW 


i 


Myocardial O, consumption: Any condition which 
increases myocardial O, consumption increases 
coronary blood flow. 

Increase in coronary blood flow secondary to 
increased myocardial O, consumption is possibly 
mediated by the following metabolites in the heart: 

. Oxygen lack 

b. Increase in |H*] and carbon dioxide (CO ) 
c. Increase in lactate | 
d. Increase in [{K’| 

e. Increase in adenosine. 

These factors, particularly adenosine, cause vasodi- 
latation, which increases coronary blood low. 

In addition to the above-mentioned metabolites, 
nitric oxide (NO), hydrogen peroxide (H,O,), and 
adenosine triphosphate (ATP)-sensitve kK’ channel 
also play a prominent role in causing vasodilation 
and increased coronary blood flow. In the last case, 
reduction in oxidative metabolism and reduced ATP 
synthesis open the ATP-sensitive K’ channels (which 
normally close in response to ATP). kK’ exit from the 
cells, leads to hyperpolarization causing reduced ently 
of Ca" ions into the vascular smooth muscle cells and 
this results in vasodilation, 

During exercise, when O, requirement ot cardiac 
muscle is very high, the above metabolites particularly 
adenosine is produced in increased quantity. AS 4 
result, coronary blood flow increases during exercise 
and supplies the required additional O, to cardiac 
muscle. 
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increase in coronary blood flow is very vital during 
exercise because, as mentioned above, O, extraction by 
cardiac tissue is very high and additional 0, supply can 
occur only in presence ot increased coronary blood flow, 
which may be four to five times normal. This is enabled 
py vasodilation of coronary blood vessels, mediated by 
adenosine and other above-mentioned metabolites. 

Blood flow in a particular cardiac area is increased 
when the branch of coronary artery supplying the area 
is temporarily obstructed and then released. This is 
known as reactive hyperemia. Obstruction to blood flow 
causes accumulation of adenosine, which increases 
local blood flow. 

Relation with cardiac cycle: Phasic change of coronary 
blood flow in the ventricles during systole and diastole 
has already been mentioned. 

_ Relation with heart rate: Heart rate has two contradictory 
effects on left coronary blood flow: 

Increased heart rate > increased O, consumption > 
increased coronary blood flow. : 

This contrasts with markedly increased heart rate > 
decreased diastolic duration > reduced left coronary 
blood flow (as coronary blood flow increases during 
diastole). 

_ Autoregulation of coronary blood flow: Between a 

perfusion pressure of 60 mm Hg and 150 mm Hg, 

coronary blood flow will remain the same irrespective 
of changes in pressure. 

Autoregulation is explained by “myogenic theory” 
and “tissue metabolite theory” (p. 206). 

Neural influences: When noradrenergic sympathetic 

nerves of the heart are stimulated or noradrenaline 

is injected, there is increase in heart rate and force of 
cardiac contraction and the coronary vessels are dilated. 

But, this dilation is due to increased accumulation of 

vasodilator metabolites with increased cardiac activity. 

This can be proved as follows: 

If a §-blocker is administered, it prevents tachy- 
cardia and diminishes contractility. The diminished 
cardiac activity reduces accumulation of vasodilator 
metabolites. Now, administration of noradrenaline or 
stimulation of noradrenergic nerves shows constriction 
of coronary vessels. 

So, it can be inferred that the primary effect of nor- 
adrenergic nerve stimulation is coronary vasoconstric- 
tion, 


Vagal stimulation dilates coronary vessels. 
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“°ronary artery disease (myocardial ischemia and 
nfarction): 


L Coronary blood flow may be reduced due to narrowing 
of vessel lumen by “atheromas” or “plaques” caused by 
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atherosclerosis, When there is reduced coronary blood 
flow, transient pain occurs due to accumulation of 
lactic acid, histamine, kinins, etc. which irritate cardiac 
sensory nerves. This condition is called angina pectoris. 

Exercise or sympathetic stimulation aggravates 
this pain. The pain is usually retrosternal but may be 
“referred” (see p. 508) to the inside of the left arm, left 
shoulder, neck, or even face. 

This usually transient pain readily responds to 
nitrates or (-blockers. 


. If the blood flow to the cardiac tissue is severely com- 


promised for a prolonged period, this may lead to 

irreversible myocardial damage known as myocardial 

infarction. 

In myocardial infarction, the cardiac tissue distal to 
the site of obstruction is deprived of blood supply. As 
collateral circulation is insufficient and takes time to 
develop, part of the distal cardiac tissue often dies. 

Myocardial infarction is associated with severe 
pain and it has high fatality rate due to the following 
complications: 

a. Heart failure: As the pumping capability of residual 
cardiac muscle is reduced. 

b. Pulmonary edema: This is due to back pressure in 
the pulmonary circulation when there is failure 
to pump blood in the forward direction. Also, 
decreased renal blood flow (again due to failure to 
pump blood in forward direction) leads to retention 
of salt and water by the kidney. This further 
aggravates pulmonary edema. 

c. Ventricular fibrillation: It is common due to Kk’ 
leakage from injured cardiac muscle, high extra- 
cellular fluid (ECF) K’, etc. 

d. Rupture of the heart: It occurs when the dead and 
weak cardiac tissue gives way. This leads to rapid 
accumulation of blood in pericardial sac, a condition 
called cardiac tamponade. 


. The common cause of coronary artery disease is 


atherosclerosis caused by increased blood cholesterol 
level. Atherosclerosis causes narrowing of blood vessel. 
When the obstruction is less severe, blood flow is 
normal at rest but below required level during exercise. 
In more severe obstruction, blood flow is decreased 
even at rest Causing anginal pain. 

Atherosclerotic narrowing of coronary blood vessel 
may be aggravated by vasospasm and this may lead to 
myocardial infarction. Alternatively, rupture of athero- 
sclerotic plaque leads to the formation of thrombus, 
which may occlude coronary blood vessel and cause 
myocardial infarction. 


. Damaged myocardial cells liberate enzymes such as 


creatine kinase MB (CK-MB) (a variety of creatine 
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kinase), troponin T, and troponin I, which help in the 
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2, The area of underperfused myocardium in COFOnapy 
artery disease distal to the vascular obstruction cap, be 
reperfused through implantation of a coronary bypas 
graft, which bypasses the site of obstruction 


diagnosis of myocardial infarction, 


Management , pao 
_| 3, Another way to treat myocardial infarction is by dilay; 

1. Nitrates play an important role in the management ol the narrowed region by a balloon-tipped catheter The 
angina pectoris by: procedure is known as coronary angioplasty. In thie 
a. Direct vasodilation of coronary arteries. This is not procedure, the catheter is introduced under radiologle 
significant in presence of atherosclerosis. guidance to a position so that the balloon is placed » 
b. Dilatation of the veins, which are the capacitance the narrowed site. The balloon is then inflated under 
vessels. This reduces venous return, decreases high pressure. This procedure dilates the narrowe¢ 
stroke volume, and diminishes cardiac work and O, site and allows improved coronary blood flow. But this 

need. procedure carries a high risk of reocclusion. 

The use of vasodilators in myocardial ischemia may So, nowadays, miniscule (small-sized) metallic tubes 
be dangerous. During ischemia, the local coronary or stents are introduced to prevent reocclusion, 
blood vessels are fully dilated due to metabolic factors. | 4. The treatment of myocardial infarction is also done 
Now, administration of vasodilators causes vasodilation by intravenous or if possible, intracoronary injection 
and increased blood flow through only the nonischemic of fibrinolytic drugs such as streptokinase, tissue 
coronary blood vessels. plasminogen activator, etc. within a few hours of the 

This further lowers blood flow to the ischemic region attack with the objective of dissolving the thrombus. 
and aggravates the ischemia. This is known as coronary This can successfully increase coronary blood flow in 
steal phenomenon. a good number of cases. 


Atherosclerosis is characterized by formation of atheromas or plaques, which bulge into the vascular lumen and cause 
partial or total occlusion of the blood vessel. The plaque is formed by lipids particularly cholestero!, macrophages 
(which are derived from monocytes), lymphocytes, foam cells (macrophages with ingested lipids), smooth muscle cells, 
and cell debris present internal to tunica intima (interna). 
The subendothelial plaques of atherosclerosis mainly consist of: 

a. A lipid rich core 


b 
c 


_ The central lipid core is surrounded by overgrowth of smooth muscle 
_ Aconnective tissue layer rich in collagen forms the outer layer. 


The plaque narrows the lumen of blood vessel. This narrowing of the lumen is aggravated by inhibition o! NO (which 
is a vasodilator) by oxidized low-density lipoprotein (LDL). The atherosclerotic process involves the !o!!ow ing steps: 
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High blood cholesterol predisposes to deposition of LDL beneath the vascular endothelium 

_ Oxidant molecules (free radicals) oxidize LDL 

. Oxidized LDL or other irritants attract monocytes, which are converted to macrophages 

. The macrophages ingest the lipid material in large amounts and these lipid-laden cells are called foam cells 

_ The foam cells form the lipid-rich core of the atherosclerotic plaque 

_ Secreted chemicals attract smooth muscle cells to the plaque. Overgrowth of these invading smooth muscles 
surrounds the lipid core to form the plaque 

. The plaque also interferes with local blood supply to the vessel wall. This causes tissue damage and degeneration, 

Fibroblasts invade the area and form the collagen rich fibrous layer (sclerosis). 

s the atherosclerotic process is initiated (triggered) by injury to the endothelium caused by smoking, hypertension, 
high blood cholesterol, diabetes mellitus, etc. 

» High blood cholesterol predisposes to a high concentration of LDL and deposition of cholesterol in arterial 
wall. In contrast, HDL (high-density lipoprotein) removes cholesterol from arterial wall, thus antagonizing the 
atherosclerotic process. 

w Several factors such as exercise, drugs such as statins, women before menopause (because of the protecting 
effect of estrogen) are associated with high HDL. 

es On the other hand, persons indulging in smoking, high cholesterol diet, etc. have high LDL and they are mote 
prone to atherosclerosis. . 

s iecentresearch has hypothesized about the probable presence of an inflammatory process in the pathogenesis 
of atherosclerosis, 
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INTRODUCTION 








.» should note that circulations through the various 

= vidual organs are in parallel and not in series. Due 

c. .> parallel nature of circulations through the various 

.< changes in blood flow to an individual organ do not 
ylood flow to the other organs, unless they are very 
juantitatively. 


“ULATION THROUGH SKELETAL MUSCLES 


ood flow in skeletal muscle primarily depends on two 
ctors: 
Type of skeletal muscle 

. Degree of contractile activity. 
=\ood flow is much greater in red muscle than in white 
muscle. 
- Again, blood flow through skeletal muscle, in the resting 
state, is low, in the range of only 2-5 mL/100 gm/min 
as most of the capillary bed remains unperfused. 
4. During exercise, blood flow may increase 15-20 times 
as the precapillary arterioles (resistance vessels) dilate. 


I REGULATION OF BLOOD FLOW THROUGH 
SKELETAL MUSCLE 


the blood flow through skeletal muscle is regulated by the 
ollowing factors: (A) The state of muscular contraction, 
\B) neural factors, (C) local factors and (D) autoregulation. 
A. State of muscular contraction: When the muscle is 
contracting, due to the squeezing action, blood flow 
through the skeletal muscle stops temporarily. 

But, in between contractions, blood flowis increased 
greatly. 

lt is to be noted that intermittent contractions of leg 
muscles enhance venous return to the heart especially 


Other Circulations 





due to the presence of unidirectional valves, which 
prevent flow of blood in the retrograde direction. 


. Neural factors: 


l. The resistance vessels in skeletal muscles are 
supplied by sympathetic vasoconstrictor fibers. 
These, at rest, show a low frequency (1-2/sec) 
discharge. This, together with the significant basal 
tone of vascular smooth muscle, contributes to the 
resting tone in resistance vessels. 

2. The tone in the resistance vessels is markedly 
altered in baroreceptor reflex-mediated responses 
caused by rise or fall in BP due to various reasons, 
e.g. postural change, hemorrhage, etc. 

3. In case of drop in blood pressure (BP) — there is 
increased activity of vasomotor center (VMC) > 
increased sympathetic vasoconstrictor activity > 
decreased skeletal muscle blood flow. A rise in BP 
leads to opposite sequence of events. 

4. It is to be noted here that skeletal muscle has a 
sizeable bulk, comprising as much as 40% of body- 
weight. Consequently, the size of its vascular bed is 
large. So, the total effect of reflex vascular change 
in skeletal muscle, as described above, is quantita- 
tively important. 

5. Dilation of skeletal muscle blood vessels is caused 
by decrease of sympathetic vasoconstrictor tone. 
But, vasodilatation in skeletal muscle may be 
caused in several other ways. These are: 

a. By stimulation of sympathetic cholinergic 

vasodilator fibers (see p. 208). This type of 

stimulation is probably instrumental in causing 
vasodilatation just prior to the start of exercise. 

. By stimulation of 6,-receptors present in skeletal 
muscle blood vessels. These receptors are 
stimulated by circulating adrenaline specially 
when secreted from adrenal medulla. 
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1. The fndluence of local etors i skeletal muscle 
Dlood flow booonres prominent during exereive and 
they override oppositely dipected Neuralintluences, 
Nrese local factors dilate skeletal muscle blood 


VOSVols. 


>. Mrhough not definitely identified, axygen (Q.) lack, 


adenosine, Potassiunr (Ko) tons, lactic acid, ete, 
ar some of the substances believed to act as local 
factory. 

LutoreQulavion: 

1. Skeletal muscle blood vessels show features of auto- 
reaulation Like several other regional circulations, 

dg. Coredral, Coronary, renal, ete, 

> The mvogenic mechanism mainly contributes to 
autoregulation in skeletal muscle. 


} THE MICROCIRCULATION (FIG. 37.1) 





Artenovenous 


vhe part of the circulation, which can be detected 
omy through microscope, is called microcirculation. 
iis includes meta-arterioles, precapillary sphincters, 
capillaries, and the smallest venules. 

The arterioles divide into the smaller meta-arterioles. 
From the meta-arterioles arise the capillaries, guarded 
at their origin by precapillary sphincters, which are 
condensation of smooth muscles. The capillaries drain 
into the smaller venules. 


. In some vascular beds, a direct thoroughfare channel 


may link a metarteriole to a venule while the capillaries 
arise from the side branches of thoroughfare vessel. 


. Some vascular beds contain arteriovenous shunt. Here, 


the arterioles are directly connected with venules by a 
blood vessel. 
This is found in finger, earlobe, etc. 


Blood flow 
ee 


shunt 


Venule — 





Capillanes 


Venule 


Blood flow 


Fig. 37.1: Diagram showing arteriovenous shunt, thoroughfare 


vessels and capillaries in microcirculation. 


S. The precapillary sphitneters Probably tive 
vation whereas tls not clear ifthe me 
any Herve supply, 

Llowever, these minute vessels do respond 
substances present locally or in clreulation, 

G. The capillaries have no smooth muscle jy heir y 
They are only 5 jim in diameter lined by an ene, t 

only tym thick, The red blood cells can USE SE theg, 

through the capillaries ina single file, The Caplllar 
have a total surface area more than 6,400 ye = 

The capillaries are aptly called exchange Vessel, 

exchange of substances take place from the blood y, 

the tissues and vice versa across the capillaries 
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Bf TRANSCAPILLARY EXCHANGE 


this involves three processes—(1) filtration, (2) diffis,,., 
and (3) vesicular transport. 

l, Filtration: Filtration at the capillary ends governed ;, 
Starling’s hypothesis has been described already . 
detail (p. 68). | 

2. Diffusion: Substances, which are permeable throug) 

the capillary endothelium and have different conces 
trations in blood and tissues, can be exchanged }; 
diffusion. 
For example, carbon dioxide (CO, ), urea, etc. pass from 
the tissues to the blood by diffusion whereas 0. and 
glucose pass from blood to tissues by diffusion. The rate 
of diffusion is dictated by Fick’s law of diffusion. 

3. Vesicular transport: Some proteins, which are relatively 
big molecules, are taken up from blood by endothelial! 
cells by endocytosis. They are then released into the 
tissues by exocytosis. This form of transport across the 
capillaries is called vesicular transport. Quantitatively. 
however, this form of transport accounts for a very smal! 
part of transcapillary exchange. 


Bf FACTORS INFLUENCING MICROCIRCULATION 


1. As in all other regional circulations, flow through 
microcirculation is primarily dependent on two 
factors, e.g. pressure difference between two ends 0! 
the circulation and resistance. 


. The pressure difference depends on SAP (systemic 
arterial pressure), which is relatively constant. Howevel 
the resistance is determined by tone in smooth muscle 
of the feeding arterioles. This, again, is influenced by@ 
number of factors. 

Thus, flow through microcirculation is altered 
by—(A) neural factors, (B) circulating chemicals, and 
(C) local metabolites. 


i) 








A Neural factors, 

). sympathetic SUMUATON neteages he tone 
of smooth muscle i arteriolag. ‘This ineroasen 
the resistanee to blood flow considerably (the 
arterioles are called the seat of peripheral 
resistance), This, in turn, leads to decreased 
blood flow through the capillaries, 

» Conversely, reduction in sympathette discharge 
rate leads to decreased tone of arteriolar smooth 
muscle > decreased resistance > Increased 
blood flow through the capillaries, 

—Parasympathetic nerves, in general, have no 
effecton vascular smooth muscles, However, In 
some vascular beds, e.g. salivary glands, external 
genitalia, ete, parasympathetic stimulation 
leads to vasodilatation, It is to be noted that the 
neurotransmitter involved in these situations, is 
possibly vasoactive intestinal polypeptide (VIP) 
and not acetylcholine. 

4 Axon reflex produces vasodilatation in capillary 
beds through antidromic conduction in 
nerve fibers. The neurotransmitter involved is 
substance P (see p. 213), 

hemical factors: 

These may be derived from general circulation or 

they are produced locally. Chemicals like brady- 

Kinin, adenosine, histamine, VIP, and atrial natri- 

uretic peptide (ANP) are examples of vasodilator 

substances derived from general circulation. 

Circulating vasoconstrictor substances include 

norepinephrine, angiotensin II, etc. 

Endothelium-derived relaxing factor (EDRF) or 

nitric oxide (NO) is produced locally by endothelial 

cells. It is a potent vasodilator causing increased 
capillary flow. 

:. In contrast, endothelin, another endothelium- 
derived substance synthesized in the endothelium, 
is a potent vasoconstrictor causing reduced capillary 
flow. 

C. Local metabolites: Apart from the above-mentioned 

factors, locally produced metabolites have significant 

vasodilator action increasing capillary blood flow. 

These vasoactive metabolites include adenosine, CO, 

excess, H*, K’*, lactate, O, lack, etc. 
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THE FETAL CIRCULATION (FIG. 37.2) 


1. The fetal circulation is remarkably different from that 
found after birth. This is due to the fact that oxygenated 
blood is supplied to the fetus by umbilical veins and not 
by the lungs. 

2. Blood with 80% O, saturation (which is the highest 

in fetal circulation) comes via the umbilical veins to 
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Fig. 37.2: Fetal circulation, 


the liver, A small part of this blood bypasses hepatic 
circulation via ductus venogus and drains directly into 
inferior vena cava, where it is joined by blood coming 
from the Infertor extremity. Blood from the liver also 
drains into inferior vena cava. 

3, ‘The different streams of blood in the inferior vena cava 
with different O, saturation tend to remain separate. 
The O,-rich segment of blood (about 67% saturated ) 
in the inferior vena cava (coming from the liver), on 
entering into the right atrium, passes right through 
the foramen ovale in the interatrial septum into the 
left atrium. There, it mixes with blood coming from the 
lungs and enters the left ventricle which pumps it to the 
brain and superior extremity via the aorta. This blood 
is relatively O,-rich (62% saturated). 

4. Deoxygenated blood coming from the superior vena 
cava mixes with coronary venous blood and part of 
the O,-poor blood coming from the inferior vena cava. 
This mixed blood with an O, saturation of about 52% 
drains into the right ventricle which, pumps it into the 
pulmonary artery. 

5. It must be mentioned here that the fetal pulmonary 
blood vessels have very high resistance. So, more than 
two-thirds (the remaining one-third passes to the 
lung) of the right ventricular output goes to the aorta 
through ductus arteriosus, a channel which connects 
the pulmonary artery to the aorta distal to the origin of 
common carotid and subclavian arteries. 

6. Thus, itis apparent that flow through the two ventricles 
run “in parallel” in the fetus in contrast to the “in series” 
flow in the two ventricles found after birth. 


Bi CHANGES AFTER BIRTH 


The transition of fetal circulation to that found after birth, 
takes place through the following steps: 

1, As blood flow through the umbilical cord stops 

after birth, the ductus venosus obliterates. The fetus 
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suffers from asphyxia as the 
carrying blood. This, together with exposure 
environment, stimulates the t 
followed by expansion of the lungs in newborn. 

As air fills the hings, the resistance in pulmonary blood 
vessels drops to only one-tenth ofits pt 
a result, pulmonary blood flow increases sharply. 
Flow through foramen ovale stops as the left atrial 
becomes higher than that in the right atrium, 


umbilical v 


~ 
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pressure 

This is because: 

a. The increase 
enhanced venous return to the left 
raises the left atrial pressure. 

b. The stoppage of flow through the umbilical veins 
-educes right atrial and right ventricular input 
decreasing right atrial pressure. 

~ The stoppage of blood flow through the umbilical 

artery increases the total peripheral resistance. 


This increases BP as also left ventricular and atrial 


pressure. 
Stoppage of blood flow through foramen ovale is 


followed by its permanent closure. 

Due to reduced pulmonary vascular resistance, the 
pressure in pulmonary artery is also reduced. The 
aortic pressure, on the other hand, rises. This results in 
-eversal of blood flow through the ductus arteriosus. 

_ As fully oxygenated blood passes through ductus 
arteriosus, it constricts and ultimately obliterates. 
Experiments have proved that cause of the obliteration 
of ductus arteriosus is indeed high O, tension of blood 
passing through it. 

6. In the fetus, the pulmonary blood vessels are thick- 
walled where as the two ventricular walls have almost 
the same thicknesses, the right being slightly thicker. 

_ After birth, the pulmonary blood vessels gradually 
become thin. The wall of the left ventricle gradually 
becomes considerably thicker whereas the wall of the 
right ventricle becomes thinner. These changes are 
apparently due to the change in vascular resistance in 
the left and right side of the circulation after birth. 


d pulmonary blood flow leads to 
atrium. This 
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§ SPLANCHNIC CIRCULATION 


1. The splanchnic circulation includes blood flow to the 
liver, spleen, pancreas, and the gastrointestinal tract. 

2, Circulation through the liver is partly in series with the 
rest of the splanchnic circulation. This is because the 
portal vein, which drains blood from the gastrointestinal 


essels stop 
to cooler 
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tract, spleen, and pancreas, itself breaks q, 
Wr {, 
sinusoidal capillaries and supplies the fiver, py M it, 
—_ ( ‘ 
25% of the blood flow to the liver. din, 


. Important features of blood flow in the liver: 


a. Blood supply to the liver comes from two ge, 
|, The portal veins contributing 75% of the “s 
flow.  Diheie,,: 
2. The hepatic artery contributing the remain; 
25%. liny 
The two together constitute 25% of carqi, 


output. 
b. Oxygen concentration in portal venous bloga ; 
much lower than that in hepatic arteria] 5),,, : 
which is fully saturated with O.,, - 
Pressure in portal vein is only about 10 mm Hy .. 
sharp contrast to that in hepatic artery, which | 
about 90 mm Hg. 


d. Oxygen consumption in the liver remains a; ; 
constant level in spite of any changes in blood flow 
The liver acts as a reservoir of blood in man. In time; 
of need, the extra blood stored in the liver can be 
mobilized into the general circulation. | 


_ Notable features of intestinal circulation: 


In the intestinal villi, arterioles and venules run 
in opposite direction forming a countercurren: 
system. This helps in absorption of Na* and water. 
Also, at low rates of blood flow, O, passes from the 
arterioles to the venules bypassing the tip of the villi. 
This may lead to necrosis of the villi when there is a 
sharp decrease in intestinal blood flow. 

b. The intestinal blood flowis almost totally contollec 
by sympathetic nerves causing vasoconstriction 
on stimulation, mediated through a-receptors. 
However, fB-receptors also exist mediating 
vasodilatation in response to agonists. 

c. Intestinal blood flow increases during food intake. 
This is due to increased secretion of gastrointestinal 
hormones like gastrin or cholecystokinin (CCK-PZ}. 
Products of food digestion such as glucose or fatty 
acids also stimulate intestinal blood flow. 

d. An important aspect of intestinal circulation is 
that in times of emergency, e.g. in shock, there Is 
widespread splanchnic vasoconstriction and blood 
is shifted to the vital organs like heart, brain, etc. 

e. Intestinal blood flow also shows autoregulation 

to some extent although it is not as remarkable 

as elsewhere. Autoregulation in the intestine is 
mediated mainly through tissue metabolites. 


d. 
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—BAWTRODUCTION 

He e electrical activity of the heart can be recorded by 
e lacing electrodes at specific sites on the surface of 
d he body and connecting them to a galvanometer after 
itable amplification. 

his procedure is called electrocardiography and the 
ecording is called electrocardiogram. It was invented 
gy a Dutch physiologist named Willem Einthoven. 

in electrocardiogram provides useful information 
sbout (a) heart rate, (b) cardiac rhythm, (c) cardiac 
aypertrophy, (d) conduction disturbances, (e) myocar- 
dial ischemia and infarction, (f) electrolyte changes. 
However, it cannot give any information about (a) blood 
pressure, (b) heart failure, (c) cardiac output, etc. 


ILUME CONDUCTION 


electrical activities of the heart can be recorded from 
trodes placed on various specific sites which may be 
nt from the heart. This is possible due to conduction 
lectrical activity through the body fluids which are 
d conductors of electricity because of their electrolyte 
ent. This is known as volume conduction. 


READ OF CARDIAC IMPULSE (SEE FIG. 29.5) 


Jn the heart, the wave of depolarization passes from the 
»A node to the AV node. It then proceeds through the 
Dundle of His to reach the middle of the interventricular 
septum. 
The left wall of the interventricular septum is depolarized 
‘4Hrst. Then, electrical activity passes from the left to the 
tight side of the interventricular septum. This is known 
as septal depolarization. 

_ & Then, the depolarization wave passes downward toward 
* the apex and ultimately returns back to the basal 


portions of the ventricle along the ventricular wails. 
Depolarization also spreads from endocardial surface 
to epicardial surface. 


4. The last portions to be depolarized are (a) the pos- 


terobasal portion of the left ventricle, (b) upper part 


of the interventricular septum and (c) the pulmonary 
conus. 


Wf DIPOLE, VECTOR, ETC. 


L. 


As the depolarization wave travels in the heart in a 
particular direction, the outer surface of the depolarized 
part is negative while the outer surface of the distal (yet 
to be depolarized) cardiac tissue is positive. The line 


separating the depolarized and polarized parts is called 
activation front. 


. Thus, a dipole is formed having two opposite poles— 


negative and positive. The poles can be connected by 
a line which gives the dipole a particular direction. 


. It also has a certain magnitude. The magnitude and 


direction of the dipole can be expressed by a vector 
known as the dipole vector. It is generally represented 
by an arrow. The length of the arrow expresses the 
magnitude and the direction of the arrow shows the 
direction of the vector. 

It may be noted that the direction of the vector is from 
negative to positive. 


. As the heart is a functional syncytium, the electrical! 


activity of the heart spreads simultaneously to many 
adjacent cells. So, many small dipoles form ina 
particular direction. The sum of all of them is called the 
resultant of the dipoles. 


. The resultant of the dipoles changes from moment-to- 


moment in direction and magnitude. The summated 
vector of the whole activation front at a particular 
moment is known as instantaneous mean vector. 
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Fig. 38.1: Atrial and ventricular vectors (see text). 


6. However, it is not possible to keep track of all the 
numerous instantaneous mean vectors changing over 
time. So, the summated vectors over a period of time are 
taken into account and these are called average vectors. 

7. The ECG is analyzed on the basis of anumber of average 
vectors during the passage of cardiac impulse. As the 
wave of depolarization spreads along the heart, the 
following average vectors appear sequentially (Fig. 
38.1). 

a. The vector of atrial depolarization is directed 
downward and to the left. It is relatively small due 
to the small muscle mass of the atria. 

‘b. The ventricle has four main vectors: 

i. The first ventricular vector represents septal 
depolarization. It is directed obliquely downward 
from left to right as the left wall of interventricular 
septum is depolarized first and the wave of 
depolarization passes across the septum from 
left to right. It is of small magnitude. 

ii. The second vector is directed downward. It marks 
the passage of cardiac impulse toward the apex. 

iii. The third vector is the largest as it coincides with 
the depolarization of the left ventricle which has 
the largest muscle mass. It is directed downward 
and to the left because the wave of depolarization 
proceeds from the inner surface of the ventricle 
(endocardium) to the outer surface (epicardium). 

iv. The fourth and last ventricular vector is directed 
upward, toward the base and is small in size. It 
denotes depolarization of the bases. 

8. The resultant of the four ventricular vectors is called the 
mean electrical axis of the heart. Normally, it is directed 
downward and to the left and makes an angle of about 
59° with the horizontal plane. 


Os 


9, However, this angle may vary between WW)? 4 
30° an 
under normal conditions. Values less than My " a 
. bt 
left axis deviation while values greater tha ican, 
AT) y 


indicate right axis deviation (see alsa p. 2A1) If) 


Bf CONVENTION OF ELECTROCARDIOGRAPHY 


By convention, when the wave of depolarization , 
vector is directed toward the positive (active) elect,, the 
upward deflection will be recorded in that lead. 

Conversely, a wave of depolarization or the ,, 
moving away from the positive electrode will ¢,), 
downward deflection in that lead. 
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Bf THE LEADS 


Leads are specific arrangements of recording electraq,. 
that sense electrical activity. - 
In all, there are 12 leads in the ECG. These are: 
a. Bipolar limb leads or standard limb leads. 
b. Augmented limb leads. 
c. Unipolar chest leads. 


The Bipolar Limb Leads (Fig. 38.6) 


1. These are three in number. They are designated as leag 
I, lead II, and lead III. 

2. Each bipolar lead has one positive and one negative 
electrode. It is called bipolar as both electrodes are 
active. (When the vector is directed toward the positive 
electrode, an upward deflection is recorded). 

3. The positions of the positive and negative electrode of 
the bipolar leads are as follows: 


(bicep Positive electrode | Negative electrode 


Lead | Left arm Right arm 
Lead II Left leg Right arm 
Lead Ill Left leg Left arm 


4. Ifthe voltage (electrical potential) at left arm, right arm, 
and left leg are designated as V,, V,, and V, respectively, 
the voltage recorded in lead I is V,-V,, the voltage 
recorded in lead II is V,-V, and the voltage recorded in 
lead III is V,-V,. 

. It is apparent that voltages in lead I + lead II + lead Ill 
would have been 0, if in lead II, the positive electrode 
were placed on the right arm and the negative electrode 
on left foot, i.e. lead II = V,-V,. 

6. But Einthoven deliberately reversed the polarity of lead 

Il in order to get upright waves in all three bipolar leads. 
So, Lead I - Lead II + Lead III = 0, or Lead | + Lead Ill 

= Lead II. Thus, the electrical potential in any one lead 

can be calculated from those of the other two leads. 
This is stated to be Einthoven’s law. 


On 










: Chapter 3a: 
jolar leads: 

Unlike bipolar leads, unipolar ley 
electrode called the exploring 
rhe other electrode is at 
- indiflerent electrode. 

Iherefore, Unipolar lead records the 
| ander the exploring clectrode. 

y Allleads except the three bipolar leads are 
~ the strictest sense, however, auigme 
are not true unipolar leads. 


ag ONLY One 
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“CPO Potential. | Is Calle 
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Unipolar, in 
Med unipolar leads 


ons Central Terminal 


 vinthoven described an imaginary, 

ts three apical points were at the 

shoulder and left midinguinal poi 

occupied the center (Fig, 38,2). 

>. Insucha situation, if the electrical potentials at the left 

~ shoulder, right shoulder and left midinguinal point be 

Vi Ve and V,., then, according to Kirchhoff’s law, V+ 

\.+ V.= 0. 

8. However, V, + V, + V, is not exactly 0, because: 

3. The conceived triangle is not exactly equilateral. 

». The heart is not exactly at the center. 

‘o tide over this problem, three resistances of 5000 
) (ohms) each are connected, one to each electrode 

laced at the three apical points. Their other ends are 

‘yen connected to a common terminal called Wilson’s 
entral terminal. This now functions as the zero 


otential indifferent electrode, used in unipolar leads 
Fig. 38.3). 


equilateral triangle, 
right shoulder left 
nt while the heart 


‘ented Limb Leads 


Normally, when the exploring electrode of unipolar 
‘eads is placed on a limb while the indifferent electrode 
‘s connected to Wilson’s central terminal, the voltage 
of the recording is too small to be of much use. 
2. So, the voltage is increased or augmented by detaching 
the connection of the particular limb from the central 
terminal (Fig. 38.4). This increases the voltage by 50%. 
. This rise in voltage can be mathematically proved as 
follows: 


Let us consider the case of aV, (augmented right arm 
lead). 


Suppose, voltages of left shoulder, right shoulder and 
left foot are V,, V,, and V,, respectively. 


V.+V 
Then, aV, =V, -_+—+ 





This can be derived from the connections. As the right 
arm electrode has been removed from the central 
terminal, the voltage of the indifferent electrode (now 


Lec trong ardiogram 
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Fig. 38.3: Wilson's central terminal. 
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of aV. 
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Fig. 38.4: Connections of lead av. 
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Unipolar Chest Leads 


The position of the chest leads are as follows: 


| 

| 

- | 

\s explained above, augmented limb leads are not true | 
| 

| 

| 

| 


\ —Placed in the right 4th intercostal space at the sternal 
boarder. 

\V.—Piaced in the left 4th intercostal space at the sternal | 
border. | 
\ —Midwey benween V, and V.. | 
\_—In the left 5th intercostal space on the midclavicular 
V_—At the antenor axillary line at the same transverse 
plane as V 

\_—Ar the midanillary line at the same transverse plane 
asvV. 


If PARTS OF A NORMAL ECG (FIG. 38.5) 


1. P wave: It denotes atrial depolarization. It is a hump- 
like wave of relatively small magnitude. The small size 
of P wave can be attributed to the much smaller atrial 
mass which generates less electrical activity. 

2. QRS complex. This is caused by ventricular depolariza- 
tion. It consists of the following waves: 

a. Qwave: If the first wave of venuicular depolarization | 
is negative (downwardly directed), it is called Q | 
wave. However, if the first wave is positive (upwardly | 





‘oliiaceseil _t 
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Fig. 38.5: Parts of a normal ECG 


directed), Q wave is said to be absent. The»... 
first wave is the R wave. iin 
b. R wave: It is the first positive wave of th. ,.. 
complex. The tip of the R wave is sharp-po; ite < 
c. S wave: It is the negative wave that fojj,. 
R wave. It ends at the J-point, which also mari; 
termination of QRS complex. > 
Atrial repolarization merges with QRS complex. 
The duration of QRS complex is 0.08-0.1 sec. 

3. T wave: It signifies ventricular repolarization ang ;. 
usually a positive wave. : 

4. Uwave: This is an inconstant wave caused by repola-. 
zation of papillary muscle. 

5. PR interval: It is the time period from the beginning o; 
the P wave to the beginning of QRS complex. When 9 
wave is present, it may be termed PQ interval. Normal 
duration of PR interval ranges between 0.12 second and 
0.2 second with a mean value of 0.16 second. 


Note: The term PR interval is preferred to PQ interval as 
Q wave is small and inconspicuous and it may be absent 
whereas R wave is always present and it is a much more 
prominent wave. 


6. QT interval: Itis the time between the beginning of QRS 
complex and the end of T wave. It is approximately 0.43 
second. 

7. PR segment, ST segment, and TP interval: These 
are isoelectric segments. PR segment stretches 
between the end of P wave and the beginning of QRS 
complex. It corresponds to nodal delay. ST segment 
lies between the end of $ wave and the beginning e! 
T wave. It corresponds to the period when the venticle 
is completely depolarized. TP interval is the third 
isoelectric segment extending between the end o! 
T wave and the beginning of P wave. During this perio 
ventricular filling takes place (diastole). 
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ppocEOURE OF ELECTROCARDIOGRAPHY 


[he subject les ina supine position with the 
jhe four limb leads marked LA, RA, LI. 

ved to the left arm, right arm, lef leg, 

» respectively 

the lead ted to the right leg serves as a connection to 
jc earth and eliminates unwanted Signals, 

jie chest lead, when used, is placed at the 

( aihon 

ii the leads are placed over electrolyte 

ihe skin lo ensure smooth conductio 


chest bare. 
and RL are 
and right leg, 


Appropriate 


jelly applied 
n of electric 


; ,urrent 


he instrument is first calibrated by adjusting a 
. yulator 80 that | mV of current caused a vertical 
flection equal to 10 small squares, 

paper speed Is adjusted at 25 mm/sec. Then, ECG is 
orded, one by one, in each lead in an orderly fashion. 
‘4 be noted here that, in the ECG strip, in y-axis, or 
ie vertical axis, | small square (J mm) = 0.1 mV, 
wr apeed is 25 mm/sec horizon tally. So, in x-axis, or, 
consontal axis, | small square (1 mm) = 1/25 sec - 
1 4k 
«following points should be critically analyzed: 
uit rate, Neart rate \6 determined by counting the 
ber of small squares in an R-R interval (the interval 
een the pointed peaks of two consecutive R waves) 
| dividing 1500 by this number, 
is because, paper speed = 25 mm/sec = 1500 mm/ 

1» 50, iS minute, the paper traverses 1500 small 

ates, Now, | WK interval = duration of | cardiac 

ate 

_ 1 00/number of email squares in | K-R interval = 

aber Of Cardiac cycles in | minute = heart rate, 
hythmn: 

| ithythin can be easily ascertained in the HCG by 
comparing the lengths of successive Kt intervals, 
“ins atthythmia can be detected in this way, 

1 Jn sinus anhythinia, heart rate increases during 
inspiration as shown by shortened KK intervals, 
Dining expiration, heart rate decreases and Wh 
intervals lengthen, 

( nus anhythinla is a physiological event, Absence 
f vinus arhythmia (equal WH intervals) Is 
pathological and thie may indicate aulonomle 
neurupulhy as inay be found in diabetes mellitus 

Mean detrieal adty: Vie can be determined in the 

Merwin way (Vig, 40), 

ran the mid polite ofeach an of the Uinithoven’s 
Hane, perpendiculars are drawn, They meet ata 
COT AT, way, ©, 

Nie Aifferenee between the height of wave and 
Hie tinea negative deflection ina particular lead 
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Fig. 38.6: Determination of mean electrical axis (see text). 


is calculated, The point at this distance from the 
midpoint of the arm of the triangle corresponding 
to the particular lead is then measured off. It should 
be noted that if the difference is negative, the point 
is taken on the negative side of the particular lead. 
c, Perpendiculars from such points in any two leads 
are drawn, The perpendiculars intersect at a point, 
say, P. OP is joined, OP is the mean electrical axis. 
Mean electrical axis remains normally between 
-30’ to +110%. An angle above (more negative than) 
-30°corresponds to left axis deviation. An angle 
greater (more positive) than +110° signifies right 
axis deviation. 
(’ corresponds to a horizontal line passing from O to 
its left (toward left arm), The angles referred to above 
are angles between this line and the vector OP. The 
angles are positive when OP moves clockwise from 
()”, The angles in the anticlockwise direction from 0° 
are negative, 
Causes of left axis deviation: 
¢ Left ventricular hypertrophy 
¢ Left bundle branch block 
¢ Left anterior hemiblock 
¢ Displacement of the heart to the left. 
L, Cates of right axis deviation: 
6 Hight ventricular hypertrophy 
¢ Hight bundle branch block 
¢ Left posterior hemiblock 
¢ Displacement of the heart to the right, 
% When mean electrical axis is normal, itis usually 
more OF less parallel to lead LL. Se lead UW records the 
highest arniplitude of Mwave. 


2. 


_ 
- 
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ty Pelt aris deviation, the mean electrical axis ts 


OT OF fess Paratiel to lead Lwhich shows the tallest 
RX wave 
Simitarty. in right axis deviation, the mean 

Mtectrioal aris is more ot less parallel to lead TH 
which shows the tatlest K wave, 

> wearer Tt has the fhllowing features: 

@ Wriith—2.8 mm (curation: 0.1 sec). 

@ Hegehe——2.5.3 ram (amplitude: 025-03 mv), 

@ Denotes atrial depolarization. 

@ 


Inverted physiologically in al lead, pathologically 


mm rodal myth, 
@ may de advent in atrial frillation, 
@ Sroad and bifid (P mitrale) in lett atrial hypertrophy. 
w Tall and peaked (P pulmonale) in right atrial 
hypertrophy, 
® Maydesrenas fibrillary “Pf wave in atrial fibrillation, 
w Shape shows saw-tooth pattern in atrial flutter. 
PLR inierred 


owes - 


2. Itis the time taken by the electrical impulse to travel 


“ 


from the SA node to the ventricles (not to the AV 


rede?) 
In the ECG, it is the time interval between the 
beginning of P wave and the beginning of QRS 
complex. 

bh. Norme! duration of P-R interval is 0.12-0.2 second. 


When it exceeds 0.22 second, the condition is | 


Known as atmoventicular or AV heart block. 

c. AV heart block has been classified into first-degree 
heart block, second-degree heart block and 
complete heart block. 
¢ First-degree heart block (Fig. 38.7B): When 

P-R interval is greater than 0.22 second, but 
all the impulses from atria pass through to the 
ventricles, the condition is mown as first-degree 


An @-~)K 


heart block. Here, every P wave jg fol 

QRS complex. Wed b. 

second-degree heart block; When p . } 

is greater than 0.22 second but all the been 
from atria are not transmitted to the Ventrilo 

condition is known as second. degree bane u 

Here, some P waves are not followed by apg 

plexes. This may be of several types ag ea Cth 

Wenckebach phenomenon ( Fig. 49 tae 

this condition, the P-R interval Progres, 

increases until one beat fails to be transmitne 
the ventricle. "Ute 

In another type, the transmission to the Venitrie 

is partial but has a fixed pattern. For exam ‘ 

for every 2 or 3 atrial beats, there js gn), . 

ventricular beat. This implies that every ; : 

P waves are followed by a single QRS comple, 

Thus, the block shows an atrial to ventricular a 

of 2:1 or 3:1. | 

Complete heart block (Fig. 38.7D): 

OQ When no impulse is transmitted to ,. 
ventricles from the atria the conditioy . 
known as complete heart block. | 

O The ventricle beats at its own rhythm calle¢ 
idioventricular rhythm at a rate of 15-35/ min, 
There is no correlation whatsoever betwee; 
P waves and QRS complexes. 

OQ When complete heart block occurs sudden|y 
the ventricle becomes quiescent for some 
time before it can beat at its own rhythm. This 
is due to “overdrive suppression’. 

OQ During this period of ventricular inactivity, 
there is no cardiac output and the brain 
suffers from hypoxia. As a result, syncope 
(sudden loss of consciousness) may occur. 
This is known as Stokes-Adams syndrome. 


| ~A~ I~ 


1° heart block: 


P-R interval > 0.22 sec 


3° or complete heart block 
) P wave and QRS complexes show complete dissociation 


Figs. 38.7A to D: ECG manifestations of (A) Normal ECG; (B) 1° heart block; (C) Wenckebach phenomenon;(D) Complete heart block 
(see text). 








on Pee 8A =O PNES mere ae ee tl 


- pyerdrive Suppression 


; hen stimulation ata frequency higher than 


' what a 
maker Ussve CAN Renerate, excites the pacemaker 


Sts, the 
to recover and Renerate 


overdrive suppression. 


Bact’ 
ay je for some time and then suddenly cea 

.*s 
Btls anaket tissue takes some time 
rVICE ; 


sown rhythu. This is known as 
yvanalion 
| h appears to be due to the continued increased activity 
y Na h-ATPase pump. This pump is stimulated when 
sore is Inereased entry of Na’ ions into the pacemaker 
-o) during depolarization at a higher frequency or 
. ordrive” (higher frequency of impulses), 
~ \s the Na’-K’-ATPase pump drives 3Na’ ions out of 
.. cell and brings in only 2K’ ions, increased ac 
_. samp causes loss of cations from the cell te 
ce intracellular negativity 


tivity of 
nding to 
and hyperpolarization. 
s prevented by increased Na? entry during the 
rive. 
ww, When the overdrive ceases abruptly, the 
sed activity of Na*-K*-ATPase pump still goes 
some time whereas Na* entry ceases. So, there 
‘polarization for some time. This, by opposing 
yolarization required for initiating pacemaker 
al, temporarily suppresses impulse generation by 
-emaker. This is called overdrive suppression. 


n complete heart block, atrial repolarization waves 
~ Visible as these are no longer masked by QRS 


ex because of complete dissociation between atrial 
-entricular depolarization. 


¢ Other types of heart block are: 
a. Bundle branch block (right or left) (Fig. 38.8C): 
Here, one bundle branch is blocked. The 
cardiac impulse spreads through the intact 


Saw-tooth wave in atrial flutter 
R’ 
r 
S 
s Right bundle branch 


block showing rSR’ pattern 


a 


| 
| 
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Figs. 38.8A to D: ECG manifestations of (A) Atrial flutter; (B) Atrial fibrillation: (C) Right bundle branch block 
(D) WPW syndrome (see text for details). 


side via the intact bundle branch and then 
excites the affected side through the siowty 
conducting cardiac muscle This leads to = 
prolonged and altered ORS onmptes. ¢.g¢ SF 
Pattern in right bundle branch block 
Hemiblock When one fascicle (amterior or 
posterior) of left bundle branch is blocked. 
it is called hemiblock or fascicular block 
Left anterior hemiblock (block in anterior 
fascicle of left bundle branch) leads to lef axis 
deviation. Left posterior hemiblock (binck im 
posterior fascicle of left bundle branch ) results 
in right axis deviation. In combination with 
right bundle branch block. hemiblocks may 
produce bifascicular or trifascicular block. 

@ A longer P-R interval may also be caused by 

hypokalemia. 
@ Ashorter P-R interval is suggestive of 

a. WPW syndrome 

b. LGL syndrome. 


b 


WPW (Wolff-Parkinson-White) syndrome | Fig 32.84D) 
a. 


It is a congenital anomaly, where am accessory 
bundle of muscle fiber called Kent's bundle mums 
from the atrium to the ventricle. 


- AS a result of this, the depolarization wave 


descending from SA node is transmitted to th 
ventricles bypassing the AV node. 


. The ventricle is depolarized much earlier as there ix 


no nodal delay. 


. So, the QRS complex starts earlier and the P-R 


interval is shorter 


- However, depolarization of the ventricle is slow 


as this does not spread by specialized conductine 
System. So, the QRS complex is broad and PT intercal 
(the time elapsing berween the beginning of P wave 


www wlll, J teed | 


yr’ Mn Vary ~ 


Fibnilary f wave in atrial fdrillation 
with wreguiar QRS complexes 





‘ 
As | Neste \ a ON aaa: 
Delta wave Delta wave 
WPW syndrome showing short 
P-R interval and deita~wave 


(TSR) pattern) 








Sect 


- | | | — a a 7 a ‘ . . 
ermination of QRS complex) is Hol 


and J point—the t 

altered, QRS complex cont 
ecessory pathway may €2 
chycardia. 


ains a delta wave, 
{. Thea use circus movement 
(see below) leading to ta 
One important function of the long refractory 
period at the AV node is to protect the ventricles from 
very high rate of atrial contraction, ¢.8 atrial fibrillation. 
in WPW syndrome, this protective effect of AV node Is 
absent as the bundle of Kent bypasses the AV node. 

So, in this condition, rate of ventricular contraction 
closely follows atrial rate. This may cause severe and often 
fatal ventricular tachycardia if an atrial fibrillation ot 
flutter develops in this condition. So, surgical correction 


of this condition is of utmost importance. 
_Levine) syndrome: 


an accessory bundle bypasses 
g system again 


Note: 


LGL (Lown-Ganong 
In this syndrome, 
the AV node and joins the conductin 
distal to the AV node. 


b. Here, too, P-R interval is s 
is absent and ventricular depolarization 0 


earlier. 
But, as the ventricular depolarization spreads 
through the specialized conducting system, QRS 


complex has a normal duration. So, PJ interval is 


shorter. 
6. Qwave: 


s This first d 
normally present in leads V5, V6, and n 


absent in leads V1, V2, and lead II. 

So, a Q wave is abnormal when it is present in 
those leads where it is normally absent or when it is 
more than 5 mm deep in leads where it is normally 


a. 


horter as the nodal delay 
ccurs 


ownward deflection of QRS complex is 
ormally 


present. 
s An abnorm 
infarction. 
7. QRS complex: 
s Normal duration—0.08-0.1 second 
s Prolonged QRS complex is caused by: 
¢ Bundle branch block—RBBB or LBBB. 


¢ Ventricular hypertrophy. 


al Q wave may indicate myocardial 


Genesis of QRS complex in chest leads 
|. The ventricular vectors include a small initial septal vector 


directed to the right and the largest vector directed to 
the left (see above). 

Now, it can be seen that the initial septal vector is 
directed toward the right-sided chest leads V, and V,. 
So, the leads V, and V, show an initial small upward 
deflection. As there is no initial downward deflection, 
there is no Q wave and the small upward deflection 


is an R wave. 


ion 5: ardiovas¢ ul 


ar System 


a large downward deflery 
e. This occurs when the vy - 
‘ 
hand becomes big, away 9 ti 
TY EPC, 


4, This is followed by 
producing big S way 


gradually (ues (0 the le 


the Vand V, chest leads, 
4. Onthe other hand, in ease of the left aided chest je, | 


VV and Ve the septal vector 18 ilirected Away fy 
fy 
these leads, SO, these leads show an tnitial downuae: 


deflection or Q wave. 
6 ‘Then, as the main ventricular vector is direcy, 


towards these leads, there is a big upward detlery,, 
(big R wave) in these leads. So, leads Vo and Vato, 


Q waves and big R waves, 
G. Thus, normally, there Is a gradual increase in heyy) 


of the R waves from V, to V,. 


e As described above, R waves gradually increase 


height from V, to V.. 

a Swaves are bigger in the right-sided chest leads any 
diminished in size in left-sided chest leads 

a Usually, in V, and V, R waves and S waves are. 
equal size. ‘They are called transition complex 

a Ifthe sum of lengths of S wave in Vand of B wave 
in V, exceeds 3S mn, itis highly suggestive of let 
ventricular hypertrophy. 


8. ST segment 
a. Normally, 
period when the ve 


ST segment is isoelectric, Phis is the 
ntricle is fully depolarized anv 
repolarization is yet to set in. So, all parts of the 
ventricle are at the same electrical potential and 
there is no electrical activity, whatsoever, This 
explains the isoelectric nature of ST segment. 
b. However, if there is a focus of myocardial ischemia 
or infarction in the heart, that particular region ts 
usually at a different electrical potential from othe: 
areas. This results in a “current of injury” thactlows 
between the affected partand the surrounding areas 
which have different voltage. So, the ST segment 
is no longer isoelectric, It ts either depressed of 
elevated. 

The ST segment is usually de 
myocardial ischemia, On the other ha 
segment is usually elevated and T wave 
in myocardial infarction, 

ST segment elevation in specitic leads gives 
indications about the site of myocardial infarction: 
In anterior wall infarction, ST segment is elevates 
in leads aVL, lead | and precordial chest leads, In 
inferior wall myocardial infarction, SU segmenl! 
is elevated in leads aVE lead U and lead UL Old 
infarction shows prominent Q wave, 
9, Twave: 
The T wave is caused by ventricular repolarizalion 
Some ventricular fibers repolarize 0.20 seconds altel 


pressed 1! 
nd, the St 
is inverted 
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ve 
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depo! arization whereas others may 
+ 33 seconds. Thus, the duration of T wave which is | 
equal to the duration of repolarization is prolonged— | 
about 0.15 second. 

The prolonged duration of T wave is accompanied : 
say Jower voltage of T wave compared to QRS complex. | 
~ 7 wave may be abnormal in certain conditions | 
especially in myocardial ischemia or bundle branch | 
jock. In ischemic heart disease, depolarization of the | 
;fected area is much shortened and repolarization | 
nq this area takes place even earlier than that at the | 
apex. The vector of repolarization is altered and there | 
.< inversion or abnormality of T wave. | 

During ventricular repolarization, the first part to | 
-epolarize is the epicardial part. So, the outer surface | 
-j the epicardium is positive while the outer surface of | 
-he still depolarized endocardium is negative. So, the | 
3irection of the vector is downward and to the left, ie. | 
-he same as in the case of depolarization. | 

Therefore, the “T” wave caused by ventricular repo- | 
'=rization is usually upright. 


- His bundle electrogram is obtained by passing a 
- ster into the heart with the tip (fitted with electrode) 
-2d close to the tricuspid valve. With the help of 
tional standard electrocardiographic leads, it is 
ple to record the following: 
\ wave, a deflection synchronized with beginning of 
\\ node activation. 
-{ spike when conduction through the bundle of His 
5egins. 
. deflection caused by ventricular depolarization. 
-efore, PA interval signifies the time taken by the 
jac impulse to travel from SA node to AV node. 
4 interval indicates the time taken by the cardiac 
ilse to pass through the AV node. 


| -’\ interval indicates time taken by the cardiac impulse 
4 2ass through the bundle of His and bundle branches 


‘tis observed that AH interval is the longest implying 


tat conduction through the AV node is the slowest. 


Effects of electrolytes: 

s Hyponatremia causes low voltage ECG. 

# Mild hypokalemia causes prolonged P-R interval. 

® Severe hypokalemia additionally causes U waves 
and depressed ST segment. 

# Mild hyperkalemia causes tall and peaked T waves. 

# Severe hyperkalemia causes prolonged QRS com- 
plexes, in addition. Ultimately, atrial contraction 
ceases and ventricular arrhythmia may occur. 

® Hypocalcemia causes prolonged QT interval. 


| 
| 
| 
! 
k 
| 
i it reaches the ventricular muscle. 
Hypercalcemia has the opposite effect. | 
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take longer, up to | 11. Reentry phenomenon (circus movement) (Fig. 38.9): 





ee 


a. the continuous propagation of a wave of electrical 
excitation in a closed cyclical path in the heart Is 
known as circus movement or reentry phenomenon. 

b. In this, the electrical activity descends through a 
conducting path with two diverging limbs which 
meet again. Now, if there is a temporary block in 
one limb, electrical activity descends through the 
other unblocked limb. Then it comes back through 
the blocked limb in retrograde direction if the block 
wears off by then. 

c. This is possible as, because of the block, this limb is 
not refractory to electrical stimulation. 

d. The block is usually caused by malfunctioning 
tissue in its refractory period. Due to the much 
longer path traversed by the retrograde electrical 
impulse, it reaches the site of block when the tissue 
causing the block has recovered from its refractory 
period. So, the retrograde electrical impulse is able 
to pass through the site of block and runs back to the 
original point of divergence. 

It then again descends downward continuing the 
same cyclical path. 


e. Now, every time it completes the circular path, 


an electrical impulse is transmitted to the cardiac 
tissue producing a wave of contraction. 


f£ Thus, circus movement is a common cause of 


arrhythmias, such as, paroxysmal tachycardia in 
the atria, ventricles or nodal tissue, atrial flutter and 
atrial fibrillation. 


g. Several factors predispose to circus movements. 


These are: 

¢ Along path of excitation. This may be caused by 
enlargement of cardiac chambers or a prolonged 
circuitous route of excitation as in fibrillation. 

¢ Decrease in conduction velocity (which may be 
caused by hyperkalemia, myocardial ischemia, 
etc.). This allows more time for recovery of 
previously excited areas and facilitates circus 
movement. 





Fig. 38.9: Reentry phenomenon (see text), 
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eo Section §: Card 
@ Shortening of refractory period of cardiac muscle 
(which may be induced by drugs). This facilitates 

unhindered passage of the circus movement. 


In WPW syndrome, the diverging pathways transmitting 


cardiac impulse with unequal rates of conduction (the 
accessory bundle of Kent conducts faster than the path 
through the AV node having nodal delay) are exactly 
what is needed to produce a circus movement. As such, 
in WPW syndrome, circus movements do occur leading 


to attacks of paroxysmal atrial tachycardia. 


Special features of atrial flutter. 
Rate of atrial contraction is 200-350/min. Rhythm Is 





> 
regular. 

+ Usually caused by a sing 

activity). 

Saw-tooth pattern of P waves in ECG (Fig. 38.8A). 

Always associated with 2:1 or greater AV block. This 

AV block is caused by longer refractory period of 

conducting tissue at AV node. This ensures that the 

ventricular rate does not exceed 200-230/min, which 

would decrease cardiac output to very low level. 

A rate greater than 230/m will severely impair ventricu- 

lar filling in the greatly shortened diastole and cardiac 


output will be markedly reduced. 


le circus movement (reentrant 


“ 


4 
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Because of the longer refractory period of the AV node, 
the rapidly contracting atria in atrial flutter can transmit 
impulses through AV node in smaller numbers so that 
only every second or third atrial impulse can pass through 
to the ventricle producing a 2:1 or 3:1 rhythm. This 2:1 or 
3:1 rhythm in atrial flutter can be distinguished from a 
similar rhythm in AV heart block by a normal atrial rate in 
the latter accompanied by a much slower ventricular rate. 





Special features of atrial fibrillation (Fig. 38.8B): 
« Rate of atrial contraction is 300-500/min. Rhythm is 
irregularly irregular. 
« Caused probably by multiple concurrent circus 
movements in both atria. 
« Due to irregular AV block, the ventricular rate is 80-160/ 
min and is irregularly irregular. 
Fine, fibrillary “f” waves appear in the ECG. 
In atrial fibrillation, just as in ventricular fibrillation, 
the rapid, uncoordinated muscle contractions 
simulate a bag of worms. These are totally ineffective in 
producing active ejection of blood from atria. However, 
unlike ventricular fibrillation, this condition is not 
necessarily fatal. This is because 70% of blood passing 
from atria to ventricles, even under normal conditions, 
flows passively without the help of atrial contraction 


(see p. 194), 
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* Another complication of atrial fibrillation * 
increased chance of thrombosis in the atriury tin 
the relative stasis of blood in the atriurn ip Pinas : 
of fibrillation. Tig 
An important sign of atrial fibrillation is pulce de, 


(see Practical, p. 5). 


Cardiac cycle and ECG: 
Correlation between ECG and various phases of <2... 
cycle: : 
In the ECG, the depolarization waves (excitation 
precede the phases of contraction. Similarly, repolariz-... 
waves just precede the phase of relaxation. | 
Thus, P waves (atrial depolarization) just precede 2+. 
systole in second rapid filling phase of ventricular diastpie 
The QRS complex (ventricular depolarization * 
precedes onset of ventricular systole and first heart sound 
ST segment corresponds to ventricular systole 2: 
emptying. 
T wave (ventricular repolarization) just precedes ons 
of ventricular diastole and the second heart sound. 
TP interval corresponds to ventricular diastole 2-- 


filling. 


§ ARRHYTHMIAS 


The heart normally beats at a regular rhythm of 72) min, se: 
by the SA node. Any deviation from this normal rhytim s 
called arrhythmia. 
Arrhythmia may be broadly classified into: 
a. Bradyarrhythmia, where the heart rate is lower thar 
normal. 
b. Tachyarrhythmia, where the heart rate is faster than 
normal. 


Important Causes of Bradyarrhythmia 


A. Sick sinus syndrome: 
Here, impulse generation from SA node is defective. Ihe 


heart rate is slow due to periods of arrested activity 0! 
SA node or failure of conduction of impulses from “\ 
node to internodal tracts. 
The attendant clinical features include bradycardis 
dizziness and syncope. 

B. AV heart block (vide supra) 


Important Causes of Tachyarrhythmia 


These may be discussed under the following heading’ 
(a) Atrial and ventricular ectopic beats, (b) Paroxys™ 
tachycardias, (c) Atrial flutter and fibrillation and (d) 
Ventricular fibrillation. 
A. Atrial and ventricular ectopic beats are also called 
premature beats or extrasystole. 
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on atrial premature beat, the impulse spreads from 


an ectopic focus and depolarizes the SA node. 
Jhis produces an inverted or altered P wave as the 
direction of atrial excitation is different, 
simultaneously, the impulse spreads to the 
ventricles producing a normal QRS complex. 


The SAnode repolarizes and then depolarizes again 


to produce the next impulse and the succeeding 
impulses at normal intervals. So, the original rhythm 
of SA node is disturbed. That is why it is commonly 
described that the rhythm is “reset” (Fig. 38.10). 


In contrast, in ventricular premature beat, the QRS 


complex is broad and bizarre. This is caused by the 
slowed conduction of the impulse spreading from 
the ectopic focus in the ventricle through ventricular 
muscle. The SA nodal rhythm is not disturbed by the 
ventricular ectopic beat. 


- After the premature beat, the ventricle does not 


respond to the next impulse from SA node as itis ina 
refractory state. The impulse coming next succeeds 
in producing a ventricular complex. This gives rise 
to the prolonged compensatory pause. As the SA 
node maintains its original rhythm, the rhythm is 
not “reset” as in atrial ectopic beat. 

‘oxysmal tachycardias: 

When the ectopic focus, instead of discharging only 
once, goes on producing impulses repetitively, at 
a rate higher than that in the SA node, paroxysmal 
tachycardias result. 

The term “paroxysmal” is used to express their 
abruptness of onset and termination. Their duration 
varies widely from several seconds to hours and 
even days. 
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3, They are caused due to: 


. When the originating focus is in atria or 


a. Repetitive discharge of ectopic focus, 4% 


mentioned above. 
b. Reentry phenomenon (see above). 
c. Triggered activity (see below). 
AV junction, 
the tachycardia produced is of very similar nature 
and they cannot be distinguished from each other. 
These arrhythmias are categorized a5 paroxysmal 
supraventricular tachycardia. The ventricular 
complexes are characteristically normal. 


. When the ectopic focus lies in the ventricle, 


broad, bizarre ventricular complexes are formed. 

Paroxysmal ventricular tachycardia Is 2 potentially 

dangerous condition as: 

a. It reduces cardiac output due to high rate of 
ventricular contraction with reduced cardiac 
filling. 

_ There is increased chance of its progression 
into ventricular fibrillation, a much-dreaded 
complication. 


C. Atrial flutter and atrial fibrillation (see above 
D. Ventricular fibrillation: 


I. 


Circus movements, originating from multiple foci 
and traveling irregularly in the ventricle, produce a 
very rapid, irregular, uncoordinated and ineffective 
pattern of ventricular contraction. 


_ The ventricular contraction has been likened to a 


“bag of worms’. 


. Cardiac output almost becomes nil and if untreated, 


the condition is rapidly fatal. 


. ECG typically shows highly irregular, bizarre cardiac 


rhythm. 


Rhythm reset 
! 


Fig. 38.10: Comparison between atrial and ventricular premature beats: (A) Rhythm “reset” following atrial premature beat; 
(B) Ventricular premature beat showing compensatory pause and undisturbed rhythm of SA node. 
(AP: atrial premature beat; S: impulse from SA node; VP: ventricular premature beat) 


a } 2 “- } b —— 


5 At around the middle of T wave, the ventricular 
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muscles are partly depolarized (refractory) and 
partly repolarized (excitable). This situation is ideal 
for the generation of circus movements. So, when 
an electrical impulse or an extrasystole excites 
the ventricles around the middle of T wave, this 
may lead to ventricular fibrillation. This period is, 
therefore, termed “vulnerable period’ 


Note: Ventricular fibrillation, when untreated, is rapidly 
fatal as no blood is pumped out from the heart. This serious 
condition may be managed by using defibrillator. Through 
the defibrillator, a strong electrical current is applied to the 
heart which depolarizes the whole heart simultaneously. 


After this, the SA node first recovers and generates an 


electrical impulse which excites the heart normally. This 
corrects the abnormal rhythm. 


Long QT syndrome: 


i 


i) 





In long QT syndrome, the prolonged QT interval 
causes irregular repolarization of ventricles and this 
period is highly vulnerable for generation of ventricular 
arrhythmias which may be fatal. 

Apart from genetic factors, electrolyte changes and 
cardiac ischemia, some drugs may also cause this long 
QT syndrome, necessitating their judicious use. 


. A particular type of K* channel is responsible for the 


high concentration of K* maintained by stria vascularis 
in the scala media of inner ear. This same K* channel 
maintains a normal QT interval in the heart. Mutation 
of this channel protein, therefore, leads to deafness 
and one type of long QT syndrome associated with 
ventricular arrhythmia. 


Triggered activity: 
l, 


4. 


Apart from reentry phenomenon, another jpp, 
ause of tachyarrhythmia like paroxysmal tar be 

is triggered activity or after-depolarization Thi atti 

characterized by depolarization superimposed,” 

plateau or repolarization phases of action poten, tal « 

is of two types: 

a. Early after-depolarization (EAD) 

b. Delayed after-depolarization (DAD). 


_ EAD occurs at the end of plateau phase (phase 7 2) 


the middle of repolarization (phase 3). In ‘ones + “ ap 
occurs at the end of repolarization or in phase 4, These 
after-depolarizations predispose to additional acyj.. 
potentials, leading to tachyarrhythmias, 


. EADis believed to be due to reactivation of Ca~-chann.: 


at the end of plateau phase or during repolarizatip, 
Normally, Ca**-channels that open in phase 2, bovis 
inactivated. But, in EAD, probably due to prolonges 
duration of action potential, the Ca**-channet. 
become reactivated, leading to further Ca~ en:- 
and consequent depolarization producing the after 
depolarizations. 
DAD, however, is probably the result of increase¢ 
intracellular Ca** concentration. The increased Ca~ 
concentration causes: 
a. Opening of cation channels like Na” channel. These 
cations enter into the cell leading to depolarization. 
b. Stimulation of Na*/Ca** exchangers. This electro- 
genic exchanger (it exchanges 3Na’ ions for 1Ca~ 
ion) helps in the depolarization process by admit- 
ting more cations into the cell. 











- FECT OF GRAVITY ON CIRCULATION 


sravity has some important effects on circulation. 
Vhen we adopt the erect posture, the mean arterial 
ressure in the feet rises to about 200 mm Hg while the 
‘nous pressure increases to about 90 mm Hg. 
standing, the venous return to the heart decreases. 
iis leads to decrease in cardiac output which results 
diminished blood flow to the brain. 
)wever, there are adequate compensatory mecha- 
sms which counteract the drop in arterial pressure 
the brain. Otherwise, this would have resulted in 
‘consciousness or syncope. 
_e compensatory mechanisms are: 
The main mechanism involves the baroreceptor 
reflexes mediated through baroreceptors in the 
carotid sinus and aortic arch. In response to the 
drop in arterial pressure baroreceptor reflex is 
activated. As a result, there is compensatory rise in 
heart rate and blood pressure (BP), which increase 
cardiac output and blood flow to the brain. 

b. Secondly, associated with a fall in arterial pressure 
due to gravity, there is a concomitant fall in venous 
pressure. This reduces the drop in perfusion 
pressure (arteriovenous pressure difference). 

c. Thirdly, the fall in venous pressure leads to a fall in 
intracranial pressure. This reduces compression 
on the cerebral vessels and the cerebral blood flow 
increases. 

d. Fourthly, whenever the cerebral blood flow tends 

to decrease, the partial pressure of oxygen (pO,) 

decreases while the partial pressures of carbon 
dioxide (pCO,) and [H’‘] rise. 

These have vasodilator actions which again 
increase cerebral blood flow. 


Effect of Gravity and 
Exercise on Circulation 


9. The high venous pressure in the lower limbs due to 


gravity is harmful in two ways: 
a. As the veins are highly distensible, blood tends to 
pool in the lower leg veins. This decreases venous 
return and lowers cardiac output. 
b. The high venous pressure leads to transudation of 
fluid into the interstitial space causing local edema. 
These effects are counteracted by: 
¢ Increased sympathetic discharge causing veno- 
constriction. This forces blood in the veins to 
return to the heart. 

¢ Activity ofthe leg muscles aided by unidirectional 
valves, helps in pumping venous blood towards 
the heart. 

Not only that, skeletal muscle contraction in- 
terrupts the venous blood column into intermit- 
tent empty segments. So, the high pressure of a 
continuous blood column is no longer exerted 
on the lower leg veins. 


. Activity of leg muscles increases venous return. How- 


ever, prolonged standing without any muscular activity 
leads to pooling of blood in the legs with decreased 
venous return and decreased cardiac output. This may 
result in fainting. 

However, as the subject assumes a horizontal posture 
on fainting, venous return and cardiac output increase. 
Cerebral blood flow improves and consciousness 
returns. 


Bf POSTURAL HYPOTENSION 


1. Some persons, on abruptly assuming an erect posture, 


experience reeling of head, fall in BP, visual distur- 
bances and even may faint. 
This syndrome is termed postural hypotension. 


2. On adopting erect posture, the cardiac output 


decreases due to diminished venous return and BP 
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tends to fall. This activates baroreceptor reflex which 

stimulates sympathetic nerves and BP is keptat normal 

level. When the baroreceptor- mediated response is 

inadequate or absent, BP falls resulting in postural 

hypotension, 

Causes of postural hypotension are: 

a. Administration of sympatholytic drugs, e.g. prazo 
sin, 

b. Diseases affecting sympathetic nerves, e.g: diabetes 

mellitus, syphilis, ete, 

Primary autonomic failure: This includes a group of 

diseases such as Shy-Drager syndrome, Riley-Day 


syndrome, ete. 


B EFFECT OF ACCELERATION AND DECELERATION 


1. 


ho 


Or 


The circulating blood is subjected to acceleration 
or deceleration in the long axis of the body during 
movement of the body in an elevator or in spacecrafts 


during space expedition. 


_ These effects are of two types: 


a. “Positive g” when the circulating blood is thrown or 
pushed from the head towards the feet. 

b. “Negative g” in which the circulating blood is moved 
in the opposite direction. 


. “Positive g” effects: 


a. In “positive g’, fall in cerebral perfusion pressure is 
reduced by fall in venous pressure and also fall in 
intracranial pressure as described above. 

b. Besides, the cardiac contractions become more 
forceful and blood is mobilized from pulmonary 
circulation to tide over the crisis. 

c. However, forces exceeding “5 g” lead to loss of vision 
or “black-out” followed by loss of consciousness. 

d. Effects of “positive g” in space flights can be 
minimized by wearing especially designed space- 
suits which press on the lower parts of the body, 
thus increasing venous return by preventing venous 
pooling. 


. “Negative g” effects: 


a. Increase in cerebral arterial pressure associated 
with increased cardiac output. 
b. Cerebral vessels become congested. 
c. There is throbbing headache. 
d. Confusion may be present. 
These signs put together are often termed “red-out” 
(cf black-out). 


. It has been observed that astronauts are better able to 


tolerate the effects of acceleration or deceleration in 
horizontal! positions than in vertical positions. 

This fact is utilized when spacecrafts are launched or 
when they re-enter earth's gravitation. 

For effects of microgravity in space travel, see Chapter 
108. 


B EFFECT OF EXERCISE ON CVS 


There are remarkable ¢ ardiovascular as well a. na 
changes inexercise, These are nec PSSALY LO Fee : Dry) 
demands of O, and nutrients int the tissues ane) 7 
concomitant removal of CO, and other waste bina i 
Regarding CVS changes in exercise, two nis , 
be remembered: _ 
|. During exercise, there is marked sympaipe, 
activity due to: : 
a. Activity of the motor cortex which ey,;,, 
sympathetic nervous system. 
b. Reflex activity arising from mechanorecerp,., 


‘/ 


The 





od 


chemoreceptors located in the muscle jtcei, 
stimulates the sympathetic nerves, 

2. The pO,, pCO,, and pH in arterial blood are tn.),. 

So, the chemoreceptors in the arterial system +. 


bide - 


role in exercise-related CVS changes. 


Blood Flow to Various Organs during Exercise 


During exercise, blood flow to skeletal muscles jnc;... 

remarkably due to widespread vasodilatation trigoe,.. 
by: (A) local metabolites, (B) stimulation of B, recente, 
by adrenaline secreted from adrenal medulla :-. 
(C) stimulation of sympathetic cholinergic fibers. 

This increased blood flow to skeletal muscle; 
accompanied by an increased coronary blood ;;,, 
supplying blood to the heart which shows an increase bo»; 
in rate and force of contraction. / 

In contrast, the blood flow to skin and viscera 3: 
diminished as the concomitant sympathetic stimulatio; 
causes vasoconstriction. However, as the exercis: 
continues, body temperature increases and the cutaneous 
vessels dilate in an attempt to lose body heat. 

Blood flow to the brain remains unchanged during 
exercise. However, recent studies indicate that cerebral 
blood flow increases to some extent in mild to moderate 
exercise. This occurs in response to vasodilatation causec 
by increased metabolism in motor and sensory cortex. 

On the other hand, cerebral blood flow decreases 2 
severe exercise. This is because hyperventilation in severe 
exercise blows off increased amounts of CO.,. The resultant 
hypocapnia causes cerebral vasoconstriction whic! 
reduces cerebral blood flow. 


Changes in Skeletal Muscle Circulation 


1. During exercise, the muscle blood flow increases 15-30 
fold, depending on the severity of exercise. 

2. The resting blood flow in skeletal muscle is 2-4 mL 1 
g/min. During contraction of muscle, the blood vessels 
are compressed and blood flow through the muscle !s 
greatly diminished. 


ee 
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 yjowevel during exercise, in between contractions 
> eas ha ih -7 

plood flow in the muscle rises greatly, lea ding to an 
overall increased muscle blood flow, 


rhe rise iN blood flow in active skeletal muscle is due 


to. 


 yetivity of sympathetic cholinergic vasodilator 
<ystem which dilates blood vessels at the start of 
exercise. . 7 

4, Local effect of ‘po, 'pCO,, T[H*], TK’, adenosine 
and other metabolites on blood vessels, which 
causes vasodilatation. 

- Rise in temperature dilates blood vessels and 
creases blood flow in muscles. 

»-her associated events occurring during exercise are: 
Due to dilation of arterioles and precapillary 
sphincters, much greater number of capillaries are 
»pened up. This greatly increases the surface area 
-vailable for exchange of gases and nutrients. 
vilation of blood vessels increases capillary 

vdrostatic pressure. Also, presence of active 
»etabolites in increased amounts increases the 
-terstitial osmotic pressure. 

These two factors, acting together, cause 
.creased transudation of fluid in the interstitial 
>ace. Lymph flow which is aided by muscle 
ontraction, increases proportionately to prevent 
terstitial fluid accumulation. 

-2,3-diphosphoglycerate (DPG), T[H*] due to 
-ccumulated lactic acid, Ttemperature shift the 
uxyhemoglobin dissociation curve to the right. 
this decreases affinity of hemoglobin for O, and 
‘acilitates release of oxygen to the tissues. 

d. All these factors taken together can cause a 100- 
fold rise of O, consumption by the skeletal muscle 
during severe exercise. 


a 











anges in Systemic Circulation 


1¢ effects on systemic circulation depend on whether the 

exercise is isometric or isotonic. 

1. In isometric exercise: 

a. There is a rise in heart rate and rise in both systolic 
and diastolic BP. The stroke volume is almost 
unchanged in isometric exercise. 

b. The rise in heart rate is possibly due to psychic 
stimulation as it occurs at the mere thought of 
exercise, Diminished vagal tone and increased 
sympathetic discharge also contribute to the 
increased heart rate (see p. 220). 

¢. The diastolic BP rises due to increased peripheral 
resistance as the contracting muscles compress the 
blood vessels. Due to such compression, blood flow 
to contracting muscles is also diminished. 


avity and Exercise on Circulation 
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d. It should be noted that the stroke yolurne remains 

almost unaltered in isometric exercise. 
2. In isotonic exercise: 

a. The heart rate rises quickly but, in contrast (0 iS0- 
metric exercise, the stroke volume increases appre: 
ciably. 

b. There is a marked fall in peripheral resistance as 4 
result of extensive vasodilation in blood vessels to 
skeletal muscle, skin, and the heart. However, there 
is vasoconstriction in the splanchnic beds and inac- 
tive muscles. Blood flow to the brain is unaltered. 

c. All this results in an increase in the systolic BP while 
the diastolic BP is unaltered or may fall. The mean 
BP is increased to slightly above normal as the 
increase in cardiac output offsets the decrease in 
peripheral resistance. 

d. Inisotonic exercise, the cardiac output may increase 
to as high as 35 L/min or even greater. This is in 
keeping with the high O, consumption. 

e. The heart rate may increase up to about 200/min in 
adults. 

f. In isotonic exercise, venous return increases 
remarkably due to several factors. These are: 

1. Hyperactive “thoracic pump” due to increase in 
respiratory rate and depth during exercise. 

2. Increased activity of “muscle pump”. 

3. As the arterioles are dilated in exercise, they 
transmit greater pressure to the veins. This 
augments venous return. 

4, Venoconstriction caused by sympathetic stimu- 
lation. As veins act as reservoir of blood, veno- 
constriction augments venous return. 

5. Translocation of blood from viscera to the veins 
also helps in increasing venous return. 

The greatly augmented venous return is essential 
to maintain end-diastolic volume (EDV) during the 
shortened diastole and thus the cardiac output can 
reach a high value. 

It is tempting to conclude that this large venous 
return may increase EDV and augment cardiac 
output through Frank-Starling mechanism. 

However, unless the exercise is very severe in 
nature, this is not true. This is because the rapidity of 
cardiac pumping does not allow the venous return 
to accumulate. Indeed, the size of the heart actually 
diminishes slightly during exercise unless it is very 
severe. 

But when the exercise is very severe, the EDV 
rises and now the Frank-Starling mechanism comes 
into operation causing an increased cardiac output. 

3. After exercise, there may be slight fall in BP lasting fora 
brief period. This is because of persisting vasodilatation 
due to presence of metabolites acting on the blood 
vessels in the muscles. 
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B INTRODUCTION 
Hemodynamics is the study of the different biophysical 


principles 
insight into various asp 


s operating in circulating blood in order to gain 
ects of dynamics of circulating blood. 


1. While considering the application of biophysical 


2 


principles in vivo, it should be remembered that these 
principles are applicable in case of perfect fluids 
flowing in rigid tubes. 

But the blood vessels in the body are not rigid tubes. 
Also, the blood, being a mixture of fluid and cells, is not 
a perfect fluid. 

Therefore, although these biophysical principles give us 
an idea about the behavior of circulating blood in the 
body, marked variations from calculated values may 
occur. 

Relation between blood flow, blood pressure (BP), and 
resistance is analogous to Ohm’s law. 


3. According to Ohm’s law, the relationship between 


electrical current, electromotive force, and resistance 
is as follows: 


Electromotive force 
Ooxnret- ——_——._._¥¥¥..... — 
Resistance 
Pressure 


Similarly, in circulation, flow = : 
Resistance 


Pressure here is effective perfusion pressure, i.e. the 
difference between pressures at the arterial and venous 


ends. 


§f LAMINAR FLOW AND TURBULENT FLOW (FIG. 40.1) 


1. Flow in the blood vessels is normally laminar or 


streamline. In this type of flow, the blood column is 
divided into numerous concentric very thin layers or 


laminae. 





Hemodynamic, 
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Turbulent flow 
Fig. 40.1: Laminar flow and turbulent flow. 


2. The most peripheral layer adjoining the vessel wall is 
stationary. The next layer toward the center of the lumen 
has a low velocity. The layer next to that has a higher 
velocity. Thus, the velocity gradually increases in the 
successive layers toward the center of the blood vessel 
and at the center of the vessel, the velocity is highest. 


3. Laminar flow is silent. If the velocity of blood crosses 


a critical value called critical velocity, laminar flow 
loses its streamline character and becomes turbulent. 
In turbulent flow, the particles in blood move in 4 
haphazard manner (Fig. 40.1). Turbulent flow produces 


sounds. 


4. Reynolds number determines whether flow will be 


streamline or turbulent. 
Re denoting Reynolds number is obtained from the 
formula: 

pDV 


Re = 
c= 





Where, 
make - Reynolds number 
~~ Density of the fluid (blood) 
: i. - Diameter of blood vessel (in em) 
vy - Velocity of blood flow (in cm/sec) 
~ » - Viscosity of blood (in poise). 
. 5 i is found that if Reynolds number is less than 2,000, 
; ~ ¢here is no turbulence. On the other hand, Reynolds 
| _ number more than 3,000 is always associated with 
~~ turbulent flow. 
§ Whena blood vessel is constricted, there is increase in 
- the velocity of blood. Asa result, Reynolds number may 
exceed the critical limit and turbulent flow results, This 
_ is why bruits are heard over constrictions in the arterial 
= tree. 
7, The Korotkoff sounds heard during sphygmomanometry 
~ are caused by turbulent flow produced by constriction 
: of brachial artery. 
@ In anemia, viscosity is low. This increases Reynolds 
number and turbulent flow may be produced. That is 
why murmur is produced in severe anemia. 





at 


ATION BETWEEN VELOCITY OF BLOOD FLOW AND 
\ETER OF BLOOD VESSEL 


» fluid flows through a tube, its velocity varies inversely 
‘th the cross-sectional area of the tube if the flow 
mains constant. It means that as the cross-sectional 
ea of a tube increases, the velocity of fluid decreases 
id vice versa. 

This relationship can be convincingly demonstrated 
by squeezing (narrowing) the tip of a water pipe when 
___ ‘elocity of water is found to increase. (As cross-sectional 
e area decreases, the velocity of water flow increases. ) 
2. Now, ina closed system of tubes, velocity of fluid varies 
inversely with the total cross-sectional area of the tubes. 
The velocity of blood is highest in the aorta (40 cm/ 
___ sec). The aorta has a cross-sectional area of about 4 sq 
cm. As the aorta breaks down into increasingly smaller 
__ branches, the total cross-sectional area increases. As a 
__ tesult, the velocity of blood flow drops. Velocity of blood 
 flowis lowest in the capillaries which have a total cross- 
sectional area about 1,000 times that of aorta. 

_ 8. Velocity of blood returning through veins gradually 
a _ Increases as smaller veins unite to form larger veins. 

_ the total cross-sectional area gradually decreases and 
__ Velocity of blood is quite high in the vena cava, the 
__ largest veins, 
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q BERNOULLI‘ PRINCIPLE (FIG. 40.2) 


__» When blood flows through a tube, the total energy per 
_ Unit volume of blood is the sum of the static pressure 
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+ showing drop in lateral 
pressure in narrow tube 


Fig. 40.2: Bernoulli's principle showing drop in lateral pressure in 
the narrow connecting tube where the flowing fluid has increased 
velocity. (Downwardly directed ends of vertical tubes record lateral 
pressure while vertical tubes with ends facing flow of fluid record 


total pressure. The steady drop in pressure is caused by frictional 
forces). 


plus the kinetic energy plus the gravitational force 

acting at this point. 

Mathematically, this can be expressed as, 
T=L+%zpv?+G 

Where, 

T= Total energy 

L= Lateral pressure which is equal to the static pressure 

p = Density of blood 

V = Velocity of blood (kinetic energy of blood = pV’) 

G = Force due to gravitation. 

If blood flows horizontally as in the supine position, 

G can be ignored. 

2. According to Bernoulli’s principle, the total energy 
in a flowing fluid remains constant. This can be 
demonstrated by a simple experiment as shown in 
Figure 40.2. 

3. Here, two wide-bore segments of a glass tube are 
connected by a narrow glass tube. All three segments 
of glass tube have side tubes connected to them. 

4. Fluid flowing through the narrow segment will have a 
higher velocity as it has smaller cross-sectional area. 
This will increase the kinetic energy in this segment 
and the lateral pressure, here, will drop because their 
sum is Constant according to Bernoulli’s principle. 

The upper levels of fluid in the side tubes gradually 
become lower in a linear fashion due to frictional force 
encountered by the fluid. However, drop in lateral 
pressure in the narrow segment is evident from a 
much lower level of fluid in the side tube than can be 
attributed to frictional force. 

5. Clinically, we assess BP by measuring the lateral pres- 
sure exerted by blood on vessel wall in sphygmoma- 
nometry. So long as velocity of blood remains constant 
at normal levels, the lateral pressure, according to 





Bernoulli's principle, remains proportional to the total 
energy or total pressure and so it reflects true BP. 

However, in some clinical conditions, e.g, aortic 
stenosis, velocity of blood undergoes apprectable rise. 
So, lateral pressure will also be decreased according to 
Bernoulli's principle, In such cases, the BP measured 
by sphygmomanometry no longer represents (rue BP, 


B HAGEN-POISEUILLE FORMULA 


1. The relationship between blood flow, pressure 
difference, radius of the blood vessel, length of the 
blood vessel and viscosity is illustrated in Hagen- 
Poiseuille formula, which is as follows: 


, mr’ 
R= (P, - P,) = Bnl 


Where, 

F = Flow 

(P, - P,) = Difference of pressure between two ends of 
blood vessel 

r = Radius of blood vessel 

1 = Viscosity 

| = Length of the blood vessel. 





2. Now, because, 


Pressure difference 
Flow = —————— 
Resistance 


Pressure difference 
Flow 


_ (ee PD _ By 
F mr‘ 


Resistance = 


3. It should be noted that resistance is inversely related to 
the fourth power of radius. So, when the radius is just 
doubled, the resistance is reduced 16 times. 

. Conversely, very slight constriction of the blood 
vessel markedly increases vascular resistance. Thus, 
the sympathetic vasoconstrictor tone which controls 
the diameter of the vessel is an effective regulator of 
peripheral resistance. 

. Flow is directly proportional to the fourth power of 
radius. Thus, only about one-fifth increase in the radius 
of a blood vessel nearly doubles the flow. 





Hf RELATION BETWEEN VISCOSITY AND RESISTANCE 


1. As per Hagen-Poiseuille formula, vascular resistance is 
directly proportional to viscosity of blood. 

2. Viscosity of blood depends mainly on hematocrit. Thus, 
in severe polycythemia, due to high hematocrit, the 
viscosity of blood increases. This leads to increased 
peripheral resistance which necessitates an increased 
cardiac work. 
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4, In anemia, viscosity decreases and 80 dogg cnn 
resistance. This increases blood flow which COMpe er, 
for the diminished O, supply to the tissue (dy 
anemia) to some extent. MG 


4, In small diameter blood vessels (diameter 50) 


microcirculation, the viscosity of blood jg surprig. 
decreased. This is attributed to Fahraeus-1j,, "By 
effect in blood flow seen in these small blood én 
Here, the formed elements occupy the cent, 
part of vessel lumen whereas the periphery 
adjoining the vessel wall has a low hematocrit. 
these are held responsible for the low viscog; 
these small blood vessels. 
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CRITICAL CLOSING PRESSURE (FIG. 40.3) 


1. Pressure difference and flow of a Newtonian flu; 


din; 
rigid tube have a linear relationship. ° 


2. However, blood which is a mixture of formed elements 


and plasma (which is again a heterogenous mixture of 
plasma proteins, electrolytes, etc.) is nota Newtonian 
fluid. 

So, the relationship of blood flow and Pressure 
difference is nonlinear especially at low flow rates. 

At low rates of blood flow, the formed elements 
tend to adhere to one another and this raises viscosity 
significantly. This is one reason behind the nonlinea; 
pressure-flow relationship at low flow rates. 


3. Apart from this, in vivo, in thin small blood vessels 


if the pressure is gradually diminished, flow will stop 
altogether before the pressure reaches zero. This 
pressure, at which flow stops, is called critical closing 
pressure. 


4. This is due to two factors: 


Flow of blood 


a. It needs some force to squeeze the red blood cells 
through the narrow blood vessel as they are slightly 
bigger in size. 


Critical closing pressu'® 


nl 
Pressure within blood vessel 


Fig. 40.3: Critical closing pressure. 
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h. The pressure Of tissues Surrounding the 

vessel, although small, leads to the Collapse of 
the blood vessel when the intraluminal pressure 
becomes lower than the tissue Pressure. 


blood 


g LAW OF LAPLACE 


1, This law depicts the relationship between tr 
or distending pressure, wall tension, and 1 
hollow VIscus. 

According to this law, in a thin-walled sphe 


ansmural 
adius of a 


ta 


> . 2T 

=. 
where, P = Transmural pressure (the differenc 
pressure between the inside and the outside of the 
viscus, i.e. across the wall of the viscus) 

T = Wall tension 

R = Radius of the viscus 
However, in a cylindrical blood vessel 

oe 
PER 

3. This law helps in explaining a number of physiological 
findings. For example, at first thought, it seems that 
small thin-walled blood vessels like capillaries might 
get easily ruptured. But, if we apply Laplace's law, it 
becomes Clear that such is not the case. 

In a big diameter blood vessel such as aorta, the wall 
tension is 2,00,000 dynes/cm. But, in capillaries due to 
the very small diameter, (5 x 10-4 cm or 5 U compared 
to 1.5 cm in the aorta) it is as low as 17 dynes/cm. So, 
the question of rupture does not arise. 

Because the wall tension is directly proportional to 
radius of blood vessel (T x P x R), the relatively larger 
radius of aortic aneurysm significantly increases wall 
tension at the same intravascular pressure. That is why 
aortic aneurysm has a higher tendency to rupture. 

4. In dilated failing hearts, the increased diameter poses 
an additional burden on the heart. As per Laplace’s law, 
the wall tension must be equally increased to produce 
the same distending pressure. This increases the cardiac 
work and worsens heart failure. 

5. A third example of Laplace's law is found in the lung 
alveoli. During expiration, they become smaller and 
they are prone to collapse due to surface tension forces. 
However, surfactant in the lung alveoli becomes more 
concentrated in smaller alveoli. This reduces surface 
tension and stabilizes the alveoli. 

6. Another example of operation of Laplace's lawis found 
in the “receptive relaxation” of the stomach (p. 298). 
Also, in the urinary bladder, this law explains the unal- 
tered intravesical pressure in spite of increased filling 
of the bladder (p. 350). 
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| Blood Vessels may be of Several Types 


— These are: 


rical viscus, | 


a 
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a. Windkessel vessels 

® This category includes the aorta and its larger 
branches. 7 he walls of these vessels are rich in 
elastic tissue and collagen. So they are highly elasac 

® As the heart ejects blood during systole, these 
vessels are stretched and dilated, reducing the rise 
in pressure (Windkessel effect). During diastole, 
the elastic recoil of these arteries maintains the 
continuity of the forward flow 

® Inold age, the elasticity of these vessels is lost due to 
arteriosclerotic changes. This raises the systolic BP 
but diminishes the diastolic BP (because of rapid 
outflow of blood). 

b. Resistance vessels (Fig. 40.4): 

= These are mainly the arterioles, which are called 
“the seat of peripheral resistance” They have 
muscular walls. 

= According to Hagen-Poiseuille law, peripheral 
resistance varies inversely with the fourth power of 
radius of arterioles. 

Thus, when the radius is just halved, the peripheral 
resistance is increased 16 times. 

Thus, it can be seen that even very slight alteration 
in radius of these blood vessels can cause profound 
changes in the peripheral resistance. So, these are 
appropriately called “resistance vessels’ 

a Sympathetic nerves supply the muscles of these 
blood vessels. Therefore, sympathetic vasocon- 
strictor tone is a powerful regulator of peripheral 
resistance. 

c. Exchange vessels: 

s This category includes capillaries as the exchange 

of gas, fluid, and solids takes place through them. 


Arteries 
Arterioles 
Capillaries 
Venules 
Vena cava 


Veins 
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Fig. 40.4: Sharp drop in mean blood pressure in arterioles 
indicating high peripheral resistance of arterioles. 
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Section 5: 


laries are lined by a single layer ofendothe- 
lial cells. They May be fenestrated, nonfenestrated 


or sinusoids. 

6 Nonfenestrated capillaries: In these, the 
endothelial layer is continuous with intercellular 
gap of 10 nm, Most of the capillaries are of this 


type. 


@ Fenestrated capillaries: These have big fenestra- 


tions or gaps in the endothelial cell membrane. 
This facilitates transcellular transport. This type 
of capillary is found where turnover of substanc- 
es is high, e.g. In the renal tubules, villi of the 
alimentary tract, etc. 
@ Sinusoids: Here, there are large gaps between 
adjacent cells lining the vessel. This allows 
passage of large molecules across the wall of the 
vessel. This type of vessel is found in liver, spleen, 


e{c. 
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d, Capacitance vessels: 
a Veins are called capacitance vessels as they 
“Y att. 
ay 


reservoir of blood in the body. 

Veins have less gmooth muscles in their w, 
compared to arteries. Also, veins have thin i a 
taining more collagen and less elastin. So a 
highly distensible with very little elastic eon ate 
to these properties, veins act as reservoir of de Drie 
Again, they are normally collapsed and pr 
in cross-section. Pressure in the veins does mii 
even after a considerable amount of blood e rise 
into them. This is because during this seelaea 
veins change their shape from elliptical to i 
This is an important aspect of their reser at 
function. Voir 
About half of the blood in the body is stored in th 
veins. Infused blood is mostly stored in veins and i 
hemorrhage, blood is initially drained from a 








B INTRODUCTION 


| Circulatory shock is caused by inadequate blood flow to 
: the tissues with a relative or absolute decrease in cardiac 
output. It may be of the following types: 
| j. Hypovolemic shock: This is caused by reduced fluid 
volume in the vascular system leading to a diminished 
cardiac output, e.g. in hemorrhage, burns, vomiting, 
_. diarrhea, etc. 
2. Distributive or vasogenic shock: This is due to the 
_ increase in vascular capacity caused by widespread 
vasodilatation leading to a relative decrease in cardiac 
output, e.g. anaphylaxis. 
__ 3, Cardiogenic shock: This is caused by defect in the 
__ contractile function of the heart resulting in decreased 
cardiac output, e.g. in myocardial infarction, congestive 
_ cardiac failure (CCF), etc. 
4 Neurogenic shock: This type of shock results from 
___ withdrawal of sympathetic vasoconstrictor tone leading 
to widespread vasodilation, e.g. fainting, shock in 
ae anesthesia, etc. In fact, it is a special type of distributive 
shock. 
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Hume in the vascular system causing hypovolemic shock. 
___ Usual features of hypovolemic shock: Fall in blood pressure 
(BP); rapid low volume pulse; cold, clammy skin with pallor; 
___ Micreased rate of respiration; severe thirst; restlessness, etc. 
_____ Compensatory mechanisms trying to compensate 
fr the condition (by increasing BP and thereby tissue 
___ Perfusion) are (Table 41.1): 
oa (t = increased; | = decreased) 

2 1. Stimulation of the sympathetic nervous system, which 
_ is activated in the following way: 


nt 





Table 41.1: Compensatory changes in hypovolemuic shock 
1. 


Circulatory Shock 


_— 


Sympathetic stimulation 

a. Arteriolar constriction +7 BP 

b. Venous constriction >? venous return 7 BP 

c Tachycardia and * contractility +7 cardiac output +* BP 

d. Constriction of cutaneous, hepatic, and pulmonary bleed 
vessels 7 circulating blood volume —* BP 

Central nervous system (CNS) ischemic response (when BP <50 

mm Hg) 

Chemoreceptor response (when BP is between 40 mm Hg and 

80 mm Hg) 

Renin-angiotensin mechanism (activated by fail in renal 

perfusion pressure) 

Activation of low pressure baroreceptors and antidiuretic 

hormone (ADH) secretion 

Increase in circulating catecholamines 

Shift of interstitial fluid to plasma 

Reduced urine output and * thirst 


| Blood volume + mean systemic filling pressure > 

| venous return, | cardiac output and ; blood pressure 

> activates the sympathetic nervous system through 
baroreceptors. 

+ sympathetic activity results in: 

a. Arteriolar constriction leading to + peripheral 
resistance >? BP. 

b. Venous constriction leading to t mean systemic 
filling pressure (MSFP) and * venous return > 
| cardiac output >? BP. 

c. Rise in heart rate and also force of cardiac 
contraction {cardiac output >? BP. 

d. Constriction of cutaneous, hepatic, and pulmonary 
blood vessels (which act as reservoirs of blood 
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> man!) which mobilizes additional blood into 
croatian 2° blood voturme ->’ RP 
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vasoconetrction when the tow blood volume results in| 
an artenal pressure less than 50 mm Hg. This may cause | 


3 bhesaving increase in BP 
Chemoreceptors cause vasoconstriction through 
chemoreceptor reflex when BP is between 40 mm Hg 


and @ mm He (see p. 212). This helps in restoring BP | 


‘a mormail bevel 


\s bypovodermia leads to a fall in renal perfusion pressure, | 
ere is stimulation of intrarenal baroreceptors, | 


— 


resulting in secretion of renin. The renin-angiotensin 


mechanism ts activated and angiotensin II is secreted 


in increased quantity. Angiotensin II acts in two ways: 

a his 2 potent vasoconstrictor by itself. 

Tt imcreases Na* and water reabsorption by stimulat- 
ing the secretion of aldosterone —* ECF volume >7 
blood volume 

Both the above effects lead to rise in BP. 

The low blood volume in hypovolemic shock activates 


low pressure baroreceptors (see p. 213). This reflexly | 


causes release of vasopressin (ADH) in increased 
2mounts. This vasopressin acts in two ways: 
a it comstricts peripheral blood vessels. 
b. It enhances reabsorption of water from collecting 
tubules + ECF volume —7 blood volume. 
Both the above responses elevate BP. 


_ in hypovolemic shock, there is increase in circulating 


catecholamines which are released from adrenal 


medulla They enhance the effects of sympathetic nerve 


surmmulanon 


_ Diminished BP in hypovolemic shock — diminished 


uid transudation in arterial end of capillaries and 
increased fluid absorption in venous end — shift of 
interstitial fluid into plasma —* blood volume 7 BP. 


_ Other compensatory mechanisms include reduced 


urine output, increased thirst which causes increased 
water intake, etc. 
Acute hemorrhage activates al! the compensatory 


reactions mentioned above. The final outcome following 


hemorrhage depends on the quantity of blood loss and 
fall of BP. Mild to moderate hemorrhage usually recovers 
put if the hemorrhage is sufficiently severe, it may produce 
ureversible shock (see below) with fatal result. 


Some of the mechanisms by which shock may progress 


to an irreversible vicious cycle, are as follows: 


}. 


f 
, 
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Low diastolic BP +, coronary blood flow (as coronary 
blood flow depends on diastolic BP) —| force of 
myocardia! contraction -+, cardiac output - still lower 
diastolic BP (formation of a vicious cycle). 

Blood flow to the brain is initially preserved in spite of 


reduced cardiac output. But, in severely diminished 


| 


| 
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cardiac output in shock, there is decreased bt 
to brain and vasomotor center (VMC) — 5) eve 
discharge from VMC -9f peripheral vasodijay 
circulatory shock worsens. ; 
| Blood flow to capillary — hypoxia and deficien, ” 

of nutrients in the capillary -»? capillary Permie,) P 
_» transudation of fluid into tissues and furthe, um 
blood volume —» worsening of the shock. 
Irreversible shock: This is a condition where jp Spite 
appropriate therapy, cardiac output continues _ 
after only temporary improvement. Ultimately ae 
ensues. 

Depletion of adenosine triphosphate (ATP) }),. bic, 
attributed as the main cause of irreversible shor, 
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Treatment of Hypovolemic Shock (Table 41.2) 


1. Hypovolemic shock is treated by replacement of bjoe, 


plasma or plasma substitute or electrolyte solutio, 
whichever is deficient in the pathogenesis of shoc / 
Thus, in case of hemorrhage, blood is the idea! 
substitute. In case of burns with plasma loss, plasms 
or plasma substitute is the ideal replacement. Similar}, 
in case of vomiting and diarrhea with electrolyte |gs. 
electrolyte solutions are ideal replacement. 

In burns, the permeability of capillaries in the 
damaged tissue is greatly increased. This results ip 
exudation of plasma along with plasma proteins from 
the vascular compartment to the interstitial space 
leading to hypovolemia. 

So, it is obvious that hypovolemic shock in burs is 
ideally treated with plasma or plasma substitute. 


. Injection of sympathomimetic drugs, e.g. noradrenaline 


or adrenaline is useful for their vasopressor effect, 
causing rise of BP but, their use should be limited toas 
minimum as possible. 

Dopamine is useful as a pressor agent as it has 
positive inotropic action on the heart combined with 
its renal vasodilator action. 


. Sedatives, particularly alcohol, with depressant acuon 


on VMC must be avoided. 


. Excess of warmth, which may dilate cutaneous blood 


vessels, should also be avoided. 





Table 41.2: Treatment of hypovolemic shock 
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Replacement of fluid by blood, plasma or electrolyte solution 
Sympathomimetic drugs specially dopamine 

Raising foot-end—should not be continuous 

O, therapy 

Glucocorticoids 

Avoid sedatives 

Avoid excess warmth 
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- the foot-end ot bed Augments V 
mower ventilation is impaired in this POsition ag 
ye diaphragm Is pushed down by the abdominal 
seceta. 50, this position should not be Maintained 
“tin tous: 
0 cnerapy, by Improving supply of Oxy 
pox tissues, is often beneficial, 
clucocorticoids may be useful due to the 
, They have cardiostimulant action, 

, They may help tissues in utilizing glucose. 

. They stabilize lysosomes, Preventing further 
- qamage by lysosomal enzymes, 


Chous return, 


REN to the 


following: 


j g ygUROGENIC SHOCK 


- results from a sudden increase in total y 


ee ascular 
ity due to vasodilatation mediated by 


autonomic 


serves. Blood volume becomes relatively low resulting in 


< fall 
Be <ome of the causes are. 


1. 


Ww 


at \{SFP. 


General anesthesia which, by acting on VMG, lowers 
-asoconstrictor tone. 


), Spinal anesthesia when the anesthetic spreads and 


naralyses sympathetic nerves. 
r - 


:. Injury to the brain in the vicinity of VMC causing a 


decrease in sympathetic discharge. 

This type of autonomic dysfunction can also be caused 

». swong emotional stimuli such as fear or griefleading 
enconsciousness (fainting). 


mt 


enic shock is treated with injection of sympathomi- 
ug, e.g. norepinephrine. 


Circulatory Shock 


B ANAPHYLACTIC SHOCK 


Itoceurs due to an antigen-induced allergic reaction whieh 
liberates histamine or histamine -tike compounds, This 
leads to extensive dilation of arterioles and veins with A 
tise in capillary permeability, 

All these factors lead toa greatly reduced arterial 
Pressure which culminate in anaphylactle shock, This may 
cause death with dramatic rapidity. 


Treatment 
Treatment is: 


a. Prompt administration of sympathomimetic drug, 
b. Glucocorticoids, 


SEPTIC SHOCK 


Features of septic shock: 

l. Rise in temperature and metabolic rate. Cutaneous 
vasodilatation in high temperature aggravates the shock 
by increasing the vascular capacity still further. 

2. Widespread vasodilation which is most marked at the 
sites of infection. 

3. Red cell agglutination and disseminated intravascular 
coagulation may be present. 

Toxins liberated in septic shock induce: 

a. Myocardial depression 

b. Widespread vasodilation 

c. Increased permeability of capillaries leading to 
exudation of fluid from the blood vessels to the 
extravascular compartment. 
So, this type of shock is a combination of cardiogenic, 

distributive, and hypovolemic types of shock. 








B DEFINITION | 


Heart failure may be defined as the inability of the heart 
to pump blood in sufficient amount to meet the body 


| 





needs. 


§ CAUSES OF HEART FAILURE 


1. 


Wo IS 


1 dm 


Reduced coronary blood flow leading to decreased | 


. Valvular damage or dysfunction. 


Extemal compression on heart, e.g. pericardial effusion. | 
Cardiomyopathies., | 


. Outflow obstruction, e.g. systemic hypertension, 


coarctation of aorta, etc. 


6. Beriberi (thiamine deficiency), thyrotoxicosis, etc. 





§ HIGH OUTPUT FAILURE 


In thyrotoxicosis, thiamine deficiency or arteriovenous 
fistula, although the absolute value of cardiac output is 
high, it is insufficient to meet the tissue requirements. 


cardiac contractility. 
| 


Heart failure can be of two types: 
a. Systolic failure: This indicates weak pumping 


action of the ventricles during systole. End-systolic 
volume increases as a result of diminished stroke 
volume. Ejection fraction may drop from 65% to only 
20%. 

Diastolic failure: This results from diminished diastolic 
filling due to decreased elasticity of ventricular muscle 
which may be due to ventricular hypertrophy or 
fibrosis. It is manifested by congestion of the veins | 
draining into the ventricle. | 








These are examples of high output failure. | 


Cardiac Failure 


i 


COMPENSATORY CHANGES IN CARDIAC FAILURE 
[| = DECREASED; = ¢ INCREASED] 


1. Heart failure with | cardiac pumping->| cardiac outpe: 


Io 


Oo 


—+ | BP > stimulation of sympathetic nerve-mediates 
reflexes through baroreceptors — (a) stimulation of, 
heart and (b) peripheral vasoconstriction. 

a. Sympathetic stimulation of the heart leads ;, 
increased contractility of the heart with augmenteg 
cardiac output. 

b. Peripheral vasoconstriction +7 MSFP (mean 
systemic filling pressure) —fvenous returm 
—fcardiac output. 

However, the sympathetic nerve-mediate¢ 
compensatory effects decrease when continued for 
a prolonged time. 


. | Cardiac output in heart failure — diminished renal 


perfusion activates intrarenal baroreceptors 3° 
secretion of renin and angiotensin II —* aldosterone 
secretion >? Na* and water retention >7 blood volume 
—* MSFP +f venous return >? cardiac output. 


. It should be borne in mind that these compensatory 


changes, though beneficial initially, may have deterio- 
rating effects in the long run. For example, peripheral 
vasoconstriction and fluid retention may ultimately 
increase afterload and worsen the condition. 


. Effect of Frank-Starling’s law and Laplace's law in heart 


failure: 

a. As mentioned previously, (see p. 188) in early stages 
of heart failure, operation of Frank-Starling'’s law 
helps in increasing cardiac output. The sequence is 
as follows: 

Early stage of heart failure | cardiac output >" 
end-diastolic volume >? force of cardiac contrat- 


ecieaaetineciaas Chapter 42: Cardiac Failure c- 


tion as pet Frank-Starling’'s law te 
1his is beneficial to the patient, 
On the other hand, increase in end 
leading to an enlargement of the Ventricle, tends to 
decrease cardiac output as per Laplace's law. | 
according to this law, in a thin-walled spherical 
viscus like the heart, 


ardiac output, 


— 


‘diastolic volume 
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Where, P = Transmural pressure 
T = Wall tension 
r= Radius of the viscus. 
So, when the diameter of the heart increases, 
transmural pressure responsible for pumping out 
blood decreases, causing a fall in cardiac output. 
Obviously this worsens heart failure. 


s. When in spite of compensatory changes, the heart fails 
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to pump the blood returning to it by venous return 
adequately, the heart failure is stated to have entered 
a “decompensated” stage. 


The term “forward failure” is used here to signify 


failure of the heart to pump sufficiently in the forward 
direction. In contrast, the effects of the term “backward 
failure” mean the features of heart failure due to back 
pressure. 


B MAJOR MANIFESTATIONS OF DECOMPENSATED 
PHEART FAILURE (TABLE 42.1) 


‘Jhese can be grouped as follows: 
A. Due to forward failure: 
1. Weakness and inability to perform exercise. This can 


be explained by the fact that cardiac output does not 





42.1: Manifestations of decompensated heart failure. 


ue to forward failure 


. Decreased cardiac output causes weakness and inability to 


perform exercise 


0. Renal hypoperfusion causes depressed renal function with 
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salt and water retention 


" 5 Due to right-sided heart failure 

- Back-pressure lead to: 

7 a. Edema of dependent regions 

_ 6. Hepatomegaly 

7 © Distended neck veins 

®, Due to left-sided heart failure 

+ a. Pulmonary congestion due to back pressure leading to 


~ pulmonary edema 
r b. Dyspnea on exertion as increased venous return exacerbates 


pulmonary congestion | : 


7 © Paroxysmal dyspnea due to sudden fall in left ventricular output 
a d. Orthopnea due to increased venous return in supine posture 


B, 


increase during exercise in heart failure although 
exercise increases oxygen demand of muscles. 

2. Renal hypoperfusion which will result in: 

i. Depressed renal function. . 
b. Salt and water retention, (see above), which 
exacerbates coexistent venous congestion. 

Due to right-sided (congestive) heart failure: 

1. Edema of the dependent region, e.g. ankle or sactal 
region (dependent part in the supine position). 
This occurs due to backward failure causing venous 
congestion and transudation of fluid, which 
accumulates in the dependent parts due to gravity- 

2. Hepatomegaly: It is also the result of backward 
failure with rise in hepatic venous pressure. This 
results in congestion in hepatic circulation and an 
increase in the size of the liver. 

3. Distended neck veins is another important easily 
visible sign of congestive heart failure. These veins, 
which drain into the right side of the heart, are 
distended as a result of backward failure. 


. Due to left-sided heart failure: 


1. Pulmonary congestion: Due to backward failure in 
the left ventricle, there is rise in pulmonary venous 
pressure. This may result in transudation of fluid in 
lung alveoli leading to pulmonary edema. It has the 
harmful effect of interfering with pulmonary gas 
exchange. 

2. Dyspnea on exertion: Cardiac output does not 
increase during exercise in heart failure. As a 
result, there is congestion in pulmonary veins and 
capillaries when there is increased venous return 
during exercise. This leads to difficulty in breathing. 

3. Paroxysmal dyspnea and pulmonary edema: 
This may arise when there is a sudden fall in left 
ventricular output. As the right ventricular output 
is normal, this results in acute congestion of the 
pulmonary veins and capillaries with transudation 
of fluid in the alveoli. This leads to breathlessness of 
sudden onset and pulmonary edema. 

4. Orthopnea: The increased amount of venous return 
in the supine position puts an additional load to the 
already congested pulmonary circulation in heart 
failure. So, this causes breathlessness in the lying 
down posture. This is relieved in the sitting position 
or when propped up by pillows. 


. Other features include pulsus alternans (see Practical, 


p. 5). 


B TREATMENT 


This is directed towards: 


a. Increasing contractility of heart. 
b. Decreasing preload and afterload on heart. 
c. Symptomatic relief. 


Following drugs are considered useful | e, Digitalis: 


a. Angiotensin-converting enzyme (ACE) inhibitors + | s It has a positive inotropic action on th 
reduce angiotensin I | _» reduce aldosterone — reduce | it increases intracellular (Ca**] in cai hear, a5 
Na’ and water retention — reduce ateon, (see p. 187). Hence, it is useful in systol C my, ‘ 

b. Angiotensin I receptor blockers and aldosterone ‘hci © dysfun, 
receptor antagonists with similar effects are also | ss es | 
beneficial. s It slows heart rate in atrial fibrillation, 

c, Nitrates -» dilate veins | venous return -> diminish f, Dopamine, due to its positive inotropic action ang 

vasodilator effect, may be beneficial. renal 


preload, 
d. Diuretics ~» by augmenting fluid excretion, reduce fluid |g. f-blocker is another group of drugs found to be 
in heart failure. Use 


overload, and relieve congestion. 


ful 
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estions: 
Discuss briefly the properties of cardiac muscle, 


"What is a cardiac cycle? Describe the different Stages of 


cardiac cycle with a diagram, What are jugular venous 


waves? . 
What are cardiac output, cardiac index and ejection 


"fraction? Discuss the factors controlling cardiac Output. 


What is blood pressure? What are the determinants of 
blood pressure? Discuss briefly the regulation of BP. 
Define vasomotor center and mention its connections, 
pescribe briefly the cardiovascular reflexes, 


Discuss the variations of heart rate and the factors 
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controlling it. 


= Write short notes on: 


Cardiac action potential 

_ Pacemaker potential 

_ Autorhythmicity 

Refractory period 
_Postextrasystolic potentiation 
_MSFP 

_Autoregulation 


_ Vaguse scape 
_ Sympathetic cholinergic system 


‘9. Korotkoff sounds 
Physiological shunt 

_. Myocardial infarction 

~ Critical closing pressure 


_s 


Reynold’s number 

Laplace's law 

Compensatory mechanisms in shock 
Orthopnea 

deart block 

‘/PW syndrome 

-CG leads. 

‘ain why: 

Jpstroke of cardiac AP stops short of equilibrium 
ootential of Na*. 

Cardiac muscle cannot be tetanized. 


_ AP injunctional tissues has a slanted upstroke. 
-. Cardiac muscle is a functional syncytium. 
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Digitalis increases force of cardiac contraction. 

_ SA node is the pacemaker of the heart. 

. Nodal delay is beneficial. 

. Untreated atrial fibrillation is not necessarily fatal. 

@ wave is absent in atrial fibrillation. 

Cannon waves appear in complete heart block. 

. Coronary circulation in left ventricle occurs mainly in 
diastole. 

Aortic stenosis may precipitate coronary ischemia. 
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ASSESSMENT QUESTIONS 








13. Dilated heart exacerbates heart failure. 

14, Autonomic neuropathy may be diagnosed from ECG. 
15. Pulse deficit is found in atrial fibrillation. 

16. Sudden unconsciousness may occur in complete 


heart block. 


D. Multiple choice questions: 


iP 


Cause of pacemaker potential: 
a. Opening of fast Na* channel 
b. Decrease in K* permeability 
C. Rapid depolarization 

d. Opening of slow Ca** channel 


. Cause of plateau phase in fast response action 


potential in working myocardial cell: 
a. Opening of fast Na~ channels 

b. Opening of L-type Ca~ channels 

c. Opening of T-type Ca~> channets 
d. Closure of K~ channels 


. Cause of initial rapid repolarization in working 


myocardial cell: 

a. Opening of K- channels 
b. Closure of K~ channels 

c. Opening of Ca~ channels 
d. Closure of Na~ channels 


- In His bundle electrogram, AH interval is due to 


conduction: 

a. Through His—Purkinje system 

b. From SA node to AV node 

c. From AV node to bundle of His 

d. From Purkinje system to ventricular myocytes 

True statement regarding cardiac cycle: 

a. Total duration 0.7 sec 

b. Duration of systole is more affected than diastole in 
tachycardia 

c. Cardiac cycle has a fixed duration 

d. Atrial diastole is longer than atrial systole 


. Which of the following phases in cardiac cycle 


shows maximum intraventricular pressure? 
a. lsovolumetric contraction phase 

b. Diastasis 

c. Rapid ventricular filling phase 

d. Rapid ejection phase 

Dicrotic notch is observed during: 

a. Closure of tricuspid valves 

b. Closure of aortic valve 

c. Opening of aortic valve 

d. Opening of mitral valve 


. Cardiac output/heart rate is equal to: 


a. Cardiac efficiency 
c. Stroke volume 


b. Cardiac index 
d. End diastolic volume 
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9. Mean right ventricular pressure is: 


a. 25mmHg b. 60 mm Hg 

c. 80mm Ha d. 100 mm Hg 
10. BP is regulated by: 

a. PTH b. Angiotensin II 


c. Prostaglandin d. All of the above 
11. Which of the following has largest cross-sectional 
area? 
a. Arteries 
b. Veins 
c. Capillaries 
d. Aorta 
12. Critical closing pressure is equivalent to: 
a. Arterial pressure minus venous pressure 
b. Arterial pressure minus capillary pressure 
c. Intravascular pressure below which capillaries 
close 
d. None of the above 
13. When diameter of blood vessel is reduced to half: 
a. Blood flow becomes half 
b. Blood flow decreases four-fold 
c. Blood flow decreases sixteen-fold 
d. Blood flow increases sixteen-fold 
14. Baroreceptor response is best observed during: 
a. Isovolumetric contraction phase 
b. Rapid ejection phase 
c. lsovolumetric relaxation phase 
d. None of the above 
15. Not true about baroreceptor reflex: 
a. Stimulation causes increased vagal discharge 
b. Afferents pass through sino-aortic nerves 
c. Stimulates dorsal motor nucleus 
d. Stimulated when there is a decrease in BP 


MCQs Answers 


1. Ans. B. Opening of fast Na* channel occurs during 
‘0’ phase of fast response action potential in working 
myocardial cell. Opening of slow Ca** channel (L-type) 
occurs during phase 2 (plateau phase). Pacemaker 
potential shows slow depolarization, opening of T-type 
Ca** channel and decrease in K* permeability (I, decay). 

. Ans. B, Plateau phase of working myocardial cell is due 
to opening of L-type Ca** channel. Opening of fast Na* 
channels occurs in phase ‘0’ in this type of cell. Opening 
of T-type Ca** channels occur during pacemaker 
potential. 
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13. 


. Ans. C. It represents conduction from AV node to bun 


Ans. A. Opening of K' channels lead to intrace) 
negativity due to K' exit from the cell and it ¢, 
initial rapid repolarization in fast response cardiac g 
potential. 


Uses 
Ctlan 


dle 
of His, i.e. AV nodal conduction time. , 


Ans. D. Cardiac cycle has a duration of 0.8 sec. Whict 


varies with heart rate. Duration of diastole j< More 
affected than systole in tachycardia. Atrial diasto), 
(0.7 sec) is longer than atrial systole (0.1 sec) | 


_ Ans. D. Intraventricular pressure as well as iNtra-aorti 


pressure is maximum (about 120 mm Hg) during rapid 
ejection phase. 


. Ans. B. Dicrotic notch is produced due to reboung of 


blood caused by closure of aortic valve. 


. Ans. C. Cardiac output = stroke volume x heart late 


So, cardiac output/heart rate = stroke volume. 


. Ans. A. BP in right ventricle is much lower at 25 mm 4 


compared to that in the left ventricle which is about 109 
mm Hg. 


. Ans. B. Angiotensin Il is a potent vasoconstrictor anq 


it takes part in regulation of BP via rennin-angiotensin 
mechanism. 


. Ans. C. Total cross-sectional area is largest in capillaries 


due to their enormous number although a single 
capillary has a very small cross-section. Aorta has largest 
cross-sectional area in an individual blood vessel. 

Ans. C. The intravascular pressure below which flow 
through the blood vessels stops, is called critical closing 
pressure. This is the minimum pressure needed to push 
the RBCs through blood vessels. It is also the minimum 
intravascular pressure which prevents collapse of the 
vessel caused by surrounding tissue pressure. 

Ans. C. According to Hagen-Poiseuille’s law, 


F=(P,-P.) x = This shows that blood flow (F) is 


directly proportional to the fourth power of radius (1). 
So when diameter is halved, flow will decrease 16-fold. 


14. Ans. B. Arterial baroreceptor activity will be best seen 


1S. 


when they are subjected to high pressure as in rapid 
ejection phase. 

Ans. D. Baroreceptor afferents pass through sino-aortic 
nerve, stimulates dorsal motor nucleus of vagus and 
nucleus ambiguus thus increasing vagal discharge. 
Being stretch-sensitive, baroreceptors are not stimulated 
when there is a fall in BP. 
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| BB GASTROINTESTINAL TRACT AND ITS FUNCTIONS 


_ ), The digestive system consists of pharynx, esophagus, 
stomach, small and large intestines, 
The salivary glands, liver and pancreas are glands 
directly associated with digestive function. 
The functions of the digestive system are as follows: 
a. Secretion of digestive enzymes and other products 
like bile salts which help in digestion. 
b. Digestion which is the process of breaking down of 
food into smaller easily absorbable particles. 
c. Absorption which is the process by which the 
products of digestion gain entry into circulation. 
4. Protective function: 
¢ Bacteria which contaminate food are killed in 
the gastrointestinal tract especially by HCl in the 
stomach. 
¢ Intestinal M (microfold) cells confer immunity 
to some extent. 
The digestive tract is provided with muscular layers. 
Coordinated contractions of these muscles result in 
movements of the gastrointestinal tract. 

These movements of gastrointestinal tract soften 
the food by grinding action, mix it with intestinal 
juices rich in digestive enzymes, help in absorption, 
and finally expel the unabsorbable excreta outside 
the body. 
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‘RAL ANATOMICAL FEATURES OF THE 
oTROINTESTINAL TRACT (FIG. 43.1) 


« jhe gastrointestinal tract has a more or less uniform 
structure on cross-section throughout its length with 
_ some occasional regional variation. 

_b. Itconsists of the following layers from inside outwards: 
® The mucous membrane 

8 the submucosa 
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Longitudinal muscle 

Circular muscle 

Submucosa 

Myenteric (Auerbach’s) plexus 


Mucous membrane 


Meissner’s (submucous) plexus 


Serous coat 





Mesentery 


Fig. 43.1: The different layers of the gastrointestinal tract. 


a The muscular layer 
a The serosal layer. 


The Mucous Membrane 


The mucous membrane consists of three layers—the 
epithelial layer, the lamina propria, and the muscularis 
mucosae, as follows: 

a. The epithelial layer lines the lumen of the gastrointestinal 
tract. It consists of a single layer of columnar cells 
arising from a basement membrane. 

b. Deep to the epithelial layer, there is a layer of reticular 
tissue called lamina propria. 

c. A thin layer of muscles called muscularis mucosae 
separates lamina propria from the submucosa. 


The Submucosa 


This layer lies between the mucous membrane and the 
muscular layer. It contains areolar tissue with blood vessels, 
nerves, and lymphatics running through it. 


The Muscular Layer 


a. It is formed by an outer longitudinal layer and inner 
circular layer. 
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b. It shows the following regional variations: 
a The muscles of the circular layer become thickene 
at places to form sphincters. 
@ Inthe stomach, an oblique layer of muscle 
deep to the circular muscle layer. 
® In the large intestine, the longitudinal muscle layer 
exhibits bands which are known as tania coli, 


dl 


is present 


The Serosal Layer 

This is the outermost layer covering the intestine. It is 
formed by the pentoneum which invests all sections of the 
gastrointestinal tract except the esophagus and the distal 
rectum. 


B INNERVATION OF THE GASTROINTESTINAL TRACT 


1. The gastrointestinal tract is innervated by the enteric 

nervous system which contains about 100 million 

neurons. which are equal to the total number of 
neurons contained in the spinal cord. 

There are two important neuronal networks in the 

gastrointestinal tract. These are: 

The myenteric plexus (also called Auerbach’ plexus) 

situated benveen the outer longitudinal and inner 

circular muscle layers. 

These two layers of muscle (longitudinal and 
circular) are mainly innervated by myenteric plexus, 
which therefore controls the motor functions of the 
gastrointestinal tract. 

b. The Meissner 's plexus, also known as the submucous 
plexus, is situated between the circular muscle layer 
and the mucosa. 

It innervates the epithelial cells, glands, blood 
vessels, and regulates intestinal secretion. 

3. The neurotransmiters of the enteric nervous system 
include gamma-aminobutyric acid (GABA), adenosine 
triphosphate (ATP), nitric oxide (NO), carbon monoxide 
(CO) and other peptides in addition to acetylcholine, 
norepinephrine, and serotonin. 

4. Apart from the above-mentioned intrinsic nerve supply, 
the activity of the gastrointestinal tract is regulated by 
extrinsic autonomic nerves in the form of parasympa- 
thetic and sympathetic neurons. 
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Generally, the parasympathetic nerves mites i 
motility by causing contraction of intestinal tmee | 
muscles while relaxing the sphincters, They alge Soy 
late secretion of glands. 3 

On the other hand, aympathetic nerves deer 
motility by causing relaxation of intestinal Smooth 
muscles while contracting the sphincters. 

The characteristic responses of sympathetie and 
parasympathetic stimulation on the activity of Bas 
trointestinal tract are considered appropriate, This 
is because sympathetic nerves (the nerves of today 
p. 548) are stimulated in situations of emergency whe, 
digestive needs are secondary. 

In contrast, parasympathetic nerves (the nerves of 
tomorrow) are concerned with the resting vegetatiy, 
processes of the body. 

This is in conformity with the fact that sympather;, 
stimulation delays digestion whereas parasympathetic 
nerves stimulate digestive processes. 

5. Two types of reflexes are found in the gastrointestina) 
tract. These are: 

a. Long reflexes: Here, the afferents after arising from 
the gastrointestinal tract, enter the spinal cord or 
brain where the center of the reflex lies. Efferents 
emerge from the central nervous system and finally 
reach the effector organs in the gastrointestinal 
tract, e.g. vagovagal reflexes. 

b. Short reflexes: Here, the afferent nerve, the center 
and the efferent nerve—all are located within the 
wall of the gastrointestinal tract. Central nervous 
system is not involved. The local nerve plexus acts 
as the center of the reflex. 


§ BLOOD SUPPLY OF THE GASTROINTESTINAL TRACT 


1. The gastrointestinal tract is supplied by the branches of 
celiac artery, superior mesenteric artery, and inferior 
mesenteric artery, which form parallel circuits. 

2. These arteries show considerable anastomoses. 

3. Mucosal blood flow often exceeds flow to the rest of the 
intestinal wall. 

4. Mucosal blood flow is dependent on its metabolic 
status. It is increased by 100% after meals. 
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GASTRIN 


i, Source: ‘G’ cells in the pyloric antrum, and also in the 


islets of Langerhans of the pancreas in fetal life. 


2. Gastrin may be present in different forms. This is called 


en a ee he SY we A Ses 
~~ ‘ 


aM he 4 Ue 


: 
ns 






val) 
“tt 
a 
att 
—_——. 


macroheterogeneity and microheterogeneity. 

s Macroheterogeneity refers to different forms 
containing varying number of amino acids. These 
different forms of gastrin are G,, (mini-gastrin), G - 
(normal gastrin), G,, (big gastrin), and G._. (big-big 
gastrin). 
(The numbers indicate the number of amino acids.) 

= Microheterogeneity refers to different forms of 
gastrin due to derivatization of a single amino acid 
residue, e.g. sulfation of tyrosine residue at the sixth 
position from carboxy] terminal. 


Ac: ons of Gastrin 


. It helps in secretion of HCl, pepsinogen, and intrinsic 


factor from the stomach. 


. Itincreases motility of stomach and small intestine. 
- Itprevents reflux of gastric contents into the esophagus 


by closing the lower esophageal sphincter although this 
is perhaps physiologically unimportant. 


. It increases gastric blood flow and keeps gastric and 


intestinal mucosa healthy. 


- Itinduces insulin secretion after a protein meal. 
- It stimulates secretion of glucagon. It also stimulates 


synthesis and secretion of calcitonin. 


_ Factors that Stimulate Secretion of Gastrin 


Digested products of protein, particularly phenylalanine 
and tryptophan. 


g 2. Vagal stimulation mediated by GRP (gastrin-releasing 


peptide) and hence this is not inhibited by atropine. 


Gastrointestinal Hormones 





3. Stretch by stimulation of nerve fibers. 
4. Ca" ions. 


Factors Inhibiting Secretion of Gastrin 


l, pH <2.5 

2. Somatostatin 

3. Secretin, VIP (vasoactive intestinal peptide}, GIP 
(gastric inhibitory peptide), and glucagon. 


fi ZOLLINGER-ELLISON SYNDROME 


Tumors involving ‘G’ cells mostly present in pancreas are 
called gastrinomas — hypersecretion of gastrin — hypera- 
cidity > ulcers in stomach, duodenum, and intestine. This 
is called Zollinger-Ellison syndrome. 


i] CHOLECYSTOKININ-PANCREOZYMIN 


Source: ‘I’ cells of duodenum and jejunum. Different forms 
(similar to gastrin) are CCK-58, CCK-39, CCK-33, CCK-12, 
and CCK-8. It is found in various neurons in the brain and 
the gut. 


Actions 


1. Asitsname suggests, it causes contraction of gallbladder 
expelling bile into the intestine. 

2. Itinduces enzyme-rich secretions from pancreas. 

. It stimulates secretion of intestinal enterokinase. 

4. It potentiates action of secretin in producing a bicar- 
bonate-rich secretion. 

5. It has an inhibitory effect on gastric emptying. [t may 
also stimulate motility of small intestine and colon. 

6. It augments secretion of glucagon and calcitonin. 

7. It has a regulating effect on appetite and satiety. 
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Factor Stimulating Secretion of CCK-PZ 


Digested products of protein and fat, 

The secreted cholecystokinin-pan 
PZ) leads to increased generation of dig cts 
protein and fat, which further increases secretion of CCK- 
PZ. Thus, a positive feedback goes on, It stops only when all 
the food is digested. 


creozymin (CCK- 





B SECRETIN 


It is the first hormone to be discovered. Bayliss and Starling, 
the scientists who discovered it, first put forward the idea 
that a chemical substance can be transported by blood from 
its place of secretion to a distant site where it may exert its 
actions. They coined the term ‘hormone’ to describe such 
chemical agents. 

Unlike gastrin and CCK-PZ, it has only one form 
containing 27 amino acids. 
Source: ‘S’ cells of upper small intestine. 


Actions 


1. Induces bicarbonate-rich secretion from the ductular 
cells of the liver and pancreas and also from the 
centroacinar cells of the pancreas. 

2. Inhibits gastric acid secretion and delays gastric 
emptying. 

3. Potentiates action of CCK-PZ. 

Stimulating factors — acidic chyme entering into the 
intestine and also products of protein digestion. 
Inhibited by > Alkaline pH of the gut. 


Bf SOME OTHER GASTROINTESTINAL HORMONES 
Gastric Inhibitory Peptide (GIP) 


a. Itis a 43-amino acid hormone secreted from K cells in 
the duodenal and jejunal mucosa. 

b. In large doses, it inhibits gastric secretion and motility 
and that is why it is called gastric inhibitory peptide. 
But, in physiologic doses, GIP has no such effects. 

c. Orally ingested glucose and fat stimulate secretion of 
GIP. The most important feature of this hormone is that 
it stimulates insulin secretion. Some other hormones 


ested products of 


Section 6: The Digestive system . 7 


like CCK, gastrin, secretin, etc. also stimulate tna 
secretion but GIP Is the only hormone that stimu h 
insulin secretion In physiological doses, es 


Vasoactive Intestinal Peptide (VIP) 


a. Itiga 28-amino acid hormone. 

b. Itis presentin neurons of the gastrointestinal tract, Aj., 
it circulates in blood. , 

c. It stimulates secretion of electrolyte and water ip 1, 
intestine, VIP-oma, a tumor involving VIP-secrep),, 
cells, is, therefore, associated with severe diarrhea. 

d. It relaxes both intestinal muscles and sphincters, 

e. It dilates blood vessels in the periphery. 

f It also inhibits acid secretion from stomach }, 
inhibiting gastrin secretion. 

g. Itcan actasa cotransmitter along with acetylcholine 


Motilin 

4. Itis a 22-amino acid hormone. 

b. Itis secreted from ‘Mo’ cells in various parts of gastroin- 
testinal tract. Another source is enterochromaffin cells, 

c. Itis mediated by G protein. It causes periodic contrac- 
tions of empty stomach and intestine at an interval 
of 90-100 minutes. Motilin levels in blood increase at 
intervals of 90-100 minutes and this hormone is 
believed to play a direct role in MMC (migrating 
motor complex) movements (see p. 296) found in empty 
stomach and small intestine. 


Somatostatin 


a. It is present in two forms, somatostatin-14 containing 
14 amino acids and somatostatin-28 containing 28 
amino acids. 

b. It is mainly secreted from D cells in the stomach and 
pancreas. 

c. Inthe stomach, it inhibits gastrin secretion by paracrine 
effect on gastrin-secreting G cells. 

d. It also inhibits secretion of enzymes from exocrine 
pancreas. 

e. Itinhibits secretion of large number of gastrointestinal 
hormones including gastrin, secretin, VIP, GIP and 
motilin. 
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B ANATOMY OF THE SALIVARY GLANDS 


L. 


Ze 


There are three pairs of salivary glands—parotid, 
submandibular and sublingual. 
The parotid glands are situated between the ramus of 
the mandible and mastoid process, in close vicinity of 
the ear. Secretion from the parotid gland is carried to the 
vestibule of the mouth by Stensen’s duct which opens 
near the crown of upper second molar tooth. 

Parotid glands contain serous cells. They contribute 
to about 25% of salivary secretion. 


3. The submandibular salivary gland is situated in the 





inner aspect of the mandible in the submaxillary 
triangle. Secretion of this gland drains via Wharton’s 
duct which passes anteriorly and medially to open on 
ne floor of the mouth by the side of the frenulum. 

It is a mixed but predominantly serous gland, 

ccounting for 75% of salivary secretion. 

ihe sublingual gland is situated beneath the floor of the 
nouth. Its secretions drain via 5-15 ducts called ‘ducts 
“| Rivinus’ which open into the floor of the mouth. 

Itis another mixed but predominantly mucous gland 
-ontributing to only 5% of salivary secretion. 


-RVE SUPPLY 


«ary glands have both parasympathetic and sympathetic 
‘ve supply. 
/. Parasympathetic nerves supply the parotid gland 


through glossopharyngeal (ninth) nerve. The pregangli- 
onic nerve fibers, emerge through the glossopharyngeal 
nerve after originating from the inferior salivary nucleus, 
pass through tympanic and lesser superficial petrosal 
nerves and end in otic ganglion. Postganglionic nerves 
arising from otic ganglion pass through auriculotempo- 
ral nerve to reach parotid gland where they innervate 
the serous glands and blood vessels. 





Salivary Glands and Saliva 


es 


Parasympathetic nerves supplying the submandi- 
bular and sublingual glands, arise from the superior 
salivary nucleus. The preganglionic nerves run through 
the facial nerve via nervus intermedius, then pass 
through chorda tympani to reach the submandibular 
ganglion. Postganglionic fibers innervate both subman- 
dibular and sublingual glands. 


. Sympathetic preganglionic nerve fibers arise from 


lateral horns of 1st and 2nd thoracic segments of 
spinal cord, relay at the superior cervical ganglion with 
postganglionic nerves which run along blood vessels to 
reach the salivary glands. 


Bi HISTOLOGICAL FEATURES (FIG. 45.1) 


a. The salivary glands are composed of numerous acini 


which are the secretory units. Each acinus is lined by 
single layer of glandular epithelium encircling a central 
lumen. 


b. The glands may be of serous, mucus or mixed type. 


Serous glands have abundant zymogen granules 
containing amylase and other proteins. 


c. Mucus glands contain mucin which is glycoprotein 


innature. 


demilune 
Mucus cell 


Intercalated duct 


Fig. 45.1: Parts of a mixed salivary gland. 
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d. In mixed glands, both serous and mucus parts are pres 


ent. The serous part is flattened and located peripher: 
ally. Itis known as serous demilune. 

e. Myoepithelial cells also called basket cells send pro- 
cesses around the acinus and squeeze out the contents 
on contraction, 

- Four generations of ducts are present—intercalated, 
striated, excretory, and main collecting duct. Blectrolyte 

occurs at the brush border of striated duct. 


exchange 


Amount of secreted saliva: 500-1500 mL/day, pH: 6-7.4. 


hs rs 


Volume: 500-1500 mL/day 

pH: 6-7.4 (usually slightly acidic) 
Water: 99% 

Solids: 1% 


Organic constituents: 
Ptyalin (a-amylase) 
Lingual lipase 
Kallikrein 

Lysozyme 

Mucin 

Electrolytes: 

Cations: Na’, K° 
Anions: Cl, HCO, 


B CONSTITUENTS OF SALIVA 


1. Ptyalin or salivary amylase: 

a. It acts at pH 6.8. 

b. It converts boiled starch into maltose, isomaltose, 
and maltotriose. 

c. Jt has very little action inside the mouth as food 
remains only for a few seconds in the oral cavity. It 
acts mainly in stomach, in the central core of food 
bolus before acid permeates into it and destroys it. 

2. Mucin: It is glycoprotein in nature. Due to the presence 

of mucin, saliva is viscid and slippery. Mucin acts as a 

lubricant and helps in swallowing. 

Kallikrein: It is secreted from nerve ending and 

produces bradykinin which is a vasodilator. 

4. Lysozyme: It is an antibacterial substance like thio- 
cyanate and immunoglobulin A (IgA). These salivary 
constituents help in protecting the oral cavity from 
infection. So, absence of salivation predisposes to oral 
infections and dental caries. 

5. Bicarbonate: Secreted in saliva, it partly neutralizes 
gastric acidity and also protects esophageal mucous 
membrane from the acid contents of vomitus or 
regurgitated gastric juice. 

6. Miscellaneous: Heavy metals (lead, Hg, etc.), blood 
group substances, nerve growth factor, etc. 
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‘ COMPOSITION 


|. The composition of saliva depends, to some ey 
the rate of flow of saliva, Normally, the SeCTELEd ¢ 
in the acinus Is lsotonic and the concentrations ae 
K', Cl and HCO, in this saliva are the same ag ths ik 
plasma. ~ 

9. However, in the ducts of salivary gland Specially 
the excretory and intercalated ducts, Na*tand Ph 
reabsorbed while K' and HCO, ions are secrete > 
the saliva. 

Water is not reabsorbed as the ducts are impermeaby 
to water. The amount of Na‘ and CI reabsorbegq : 
greater than that of secreted K’ and HCO, ions, qh, 
explains the hypotonicity of saliva at low flow rates, 

3. So, when the flow rate of saliva is low, the saliva is 
hypotonic. It has low concentration of Na’ and Cl byt 
it is rich in K*'and HCO, . 

4. A high rate of flow of saliva, however, allows very 
little time for the ionic exchanges. So, the secreteq 
saliva,under these circumstances, is nearly isotonic. 
It has higher concentrations of Na* and Cl but lower 
concentrations of Ktand HCO, than that in saliva 
secreted at low flow rates. 


OF) 


d inte 


Of] FUNCTIONS OF SALIVA 


1. Its continuous flow keeps the mouth clean and sterile. 
It contains antibacterial substances like lysozyme, 
thiocyanate and IgA. In xerostomia (dry mouth) 
characterized by diminished salivation, dental caries 
is common as a result of bacterial infections, in the 
absence of protective function of saliva. 

2. It digests food by salivary amylase (ptyalin) and lingual 
lipase. 

3. By keeping the mouth moist and lubricated, 

a. It helps in mastication and swallowing. 

b. It helps in speech. 

c. Itacts asa solvent for food particles. This is essential 
for taste perception. 

d. It protects the buccal mucous membrane from 
frictional damage. 

4. Dehydration depresses secretion of saliva leading (04 
dry mouth, This induces thirst. Thus, it helps in water 
balance, 

5. It excretes heavy metals, thiocyanate, etc. 


Bf STIMULATION OF SALIVARY SECRETION 


1, Contrary to what happens in other places of gastrolll: 
testinal (GI) tract where the effects of sympathetic and 
parasympathetic stimulation influencing secretion are 
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apposite, secretion of salivary gland is stimulate 


vary secretion, Parasympathetic stimulation re 


eta ai eat d by 
both divisions of autonomic nervous system 


p arasympathetic nerve is the main stimulator of sali- 
ae leases 
the enzyme kallikrein which produces bradykinin with 
powerful vasodilator action, 

The parasympathetic neurons also release VIP which 
is present with acetylcholine as a cotransmitter, VIP 
and bradykinin together cause vasodilatation in the 
calivary glands. Besides these, acetylcholine secreted by 
parasympathetic nerves directly stimulate the glandular 
ussue. 

Asa result of all these, parasympathetic stimulation 
leads to profuse, watery secretion of saliva, accompanied 
by vasodilatation. 


_ Sympathetic nerves cause secretion of small amount 


of viscid saliva mainly from the submandibular and 
sublingual glands. This saliva is rich in mucin and 
organic materials but small in quantity. Contraction of 
myoepithelial cells and vasoconstriction accompany 
sympathetic stimulation. 

Because in sympathetic stimulation, salivary secre- 
tion is relatively scanty, one feels dryness of mouth 
during sympathetic stimulation as occurs in anxiety. 


CONTROL OF SALIVARY SECRETION 


Basal secretion: Even when there is no food in the 
oral cavity, some secretion of saliva does occur without 
any apparent stimulus. This is called basal secretion 
_{ saliva. It has the important function of keeping the 
mouth clean and wet. 
Xeflex secretion: A reflex is an automatic, involuntary, 
eproducible response caused by a specific stimulus. A 
-flex is mediated through a receptor which senses the 
Limulus, an afferent nerve, an integrating center gener- 
lly located in the central nervous system, an efferent 
nerve, and an effector organ, e.g. muscle or gland. 
Secretion of saliva may be caused by two types of 
reflexes—unconditioned and conditioned. 


Chapter 45; Salivary Glands and Saliva 


A, Unconditioned reflex: This is an unlearnt, inborn 
response and does not require previous experience. 
Secretion of saliva due to direct contact of food with 
oral mucosa, is an unconditioned reflex. Contact 
with material other than food, such as dry powder, 
can also stimulate salivary secretion in this way. 

Presence of food in the esophagus or stomach can 
produce salivary secretion through reflex pathways. 
These also are examples of unconditioned reflex. 

B. Conditioned reflex: This has been described in 
detail in page 569. Simply stated, a conditioned 
reflex is a learnt response, requiring previous 
experience. Sight or smell of food, without the 
presence of actual food in mouth, can produce 
salivary secretion through conditioned reflex. 

Even a nonphysiologic stimulus, such as ringing 
of a bell, may produce secretion of saliva in this way. 
This was demonstrated by Pavlov, the famous Russian 
scientist, in the following well-known experiment. In this, 
the unconditioned stimulus which normally produces 
salivation, e.g. a piece of meat is given to a dog after ringing 
a bell (a conditioned stimulus). 

This is repeated a number of times. This process of 
associating the unconditioned and conditioned stimuli 
together is called pairing of the stimulus. 

After a certain period, the dog salivates when only 
the bell is rung but the piece of meat is not offered. This is 
known as conditioned reflex. 


fi PARALYTIC SECRETION 


Salivary glands are experimentally denervated in a dog by 
transection of the chorda tympani nerve. It is found that 
secretion of saliva gradually increases to a peak level by 
the end of the first week after transection, then maintains 
a steady, high level for another 2 weeks and then gradually 
declines to reach the basal level in 6-8 weeks. 

This pattern of increased secretion following denerva- 
tion is known as paralytic secretion. It is probably 
influenced by denervation hypersensitivity (see p. 46). 
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Bf FUNCTIONAL ANATOMY (FIG. 46.1) 


1. The stomach is a hollow sac-like muscular organ. It 
is connected, above, with the esophagus through the 
cardiac orifice. Below, it is connected to the first part 
of the duodenum through the pyloric orifice. 


i) 


. The stomach can be divided into three parts: 


a. Fundus: It is the uppermost part of the stomach. It 


b. 








lies above the level of the cardiac opening. 

Body: It is the portion extending from the lower 
end of the fundus to the level of incisura angularis 
(angular notch) present in the lesser curvature. 


. Pyloric part: Itis the lower most part of the stomach. 


It lies distal to the body of the stomach. It is divided 
into two parts—the proximal antrum and the distal 
pyloric canal. 


. Ihe stomach is separated from the duodenum by the 
pyloric sphincter which is a condensation of circular 
muscle fibers. The pyloric part and the first part of 
_ duodenum act as a functional unit. 


Esophagus 


Fundus 


Pacemaker 
zone 


Body 


Greater 
curvature 


Antrum 


Fig. 46.1: Different parts of a stornach. 


4. As in other parts of gastrointestinal tract, the 


The Stomach 
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COVEring 
© Mucoys 


contains the usual four layers, e.g. the serous 
the muscle layers, the submucosa, and th 
membrane. In addition to the outer longitudinal and 
inner circular muscle layers, the stomach Contains - 
another oblique muscle layer in its upper part. Thic 
layer helps in maintaining the contour of the lesser 
curvature. 


. The mucous membrane of the stomach is thick. [t js 


covered by a thick layer of “visible mucus’ (see below) 
In the empty state, the mucous membrane js thrown 
into folds called “rugae”. These rugae enable the 
stomach to increase in size, on entry of food, without 
undue stretch on the mucous membrane. 


i GASTRIC GLANDS 


A. 


B. 


1. Gastric glands are of three types: 

(a) Cardiac, (b) fundic and body and (c) pyloric 
glands, 

2. Cardiac and pyloric glands secrete mucus while 
glands in fundus and body secrete acidic juice, 

1. A typical acid-secreting gland (Fig. 46.2) is straight 
and tubular. Several glands open at a depressed 
part of gastric mucosa called gastric pit. Each gland 
contains isthmus cells (present at the junction of the 
gland with gastric pit), neck cells, oxyntic cells, and 
chief cells, 

2. Isthmus cells and neck cells secrete mucin. 


3. Neck cells help in regeneration of the epithelium. 


They produce cells which become a part of either 
surface epithelium or the gland proper. (It may be 
noted that epithelial cells of gastric surface and 
gastric glands undergo constant degeneration. 


These cells are replaced by regeneration from neck 
cells.) 
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AHCOMPOSITION OF GasTRIC SECRETION 


4 Daily output of gastric secretion Is 2-2,5 ee a 
% pH of gastric juice is highly acidic ranging De™™'™ 






Neck cells 
land 2, hike 
+ ‘The gastric secretion contains various electrolytes Ke 
Na’, K', Mg", HCO,, SO, etc, in addition to H’ and 
Cl constituting HCL. f 
————— Oxyntic cell + ‘The important organic and inorganic constituents 0 


: . are below. 
—— Chief (peptic) cells gastric secretion are mentioned 


Bf CONSTITUENTS OF GASTRIC JUICE 
Hydrochloric Acid 


1. Normal concentration is 40-60 mEq/L although a 
maximum concentration of 160 mEq/L is possible. 
Normal concentration of HCI is lower because the 


Fig. 46.2: Parts of an acid-secreting gastric gland. 


eho 


_ Chief cells or peptic cells secrete pepsinogen, the 
precursor of pepsin. 

_ Oxyntic cells, also known as parietal cells, contain 
tubulovesicular structures at rest. In addition, an 
intracellular microcanalicular system, connected 
with the lumen of gastric gland, is present. 

During secretion of acid (active phase), 
the tubulovesicular structures fuse with the 
microcanaliculi. This greatly increases the total 
surface area connected to the gland lumen. The 
ining membrane of the tubulovesicular structures 
contains large number of H*-K*-ATPase molecules. 
After fusion of the tubules and vesicles with the 
microcanaliculi, H* ions secreted by these H*-K’- 
ATPase pumps gain access to the lumen of gastric 
glands. These H*ions now combine with Cl to form 
HCl. 

. G cells are triangular cells present in pyloric glands. 
The apical part presents few microvilli while the 
gastrin-containing vesicles are secreted through 
the basal side. The secreted gastrin stimulates acid 
secretion from oxyntic cells by paracrine effect. 


Or 






H OTHER RELATED CELLS 


L, D cells secrete somatostatin and have a paracrine 

_ Inhibitory effect on G cells. 

‘. Mast cells secrete histamine while argentaffin cells 
secrete serotonin, 


ECL or enterochromaffin-like cells secrete hista- 
Mine, 


secreted HCl is diluted or neutralized. 


Gastric Secretion 


> Volume: 2-2.5 L/day 
pH: 1-2 
Water—99.45% 
Solids—0.55% 


Organic constituents: 


*, 


’ Pepsinogen 

’ Intrinsic factor 

Mucin or mucus—visible and soluble 
Gastric lipase 

Gelatinase 

Lysozyme 

Carbonic anhydrase, etc. 


Electrolytes: 
“* HCl as H*and Cl 
** Other cations: Na‘, K*, and Mg** 
* Other anions: HCO, ,PO; , andSO, 
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2. Secreted chloride has a concentration of 170 mEq/L. 
Of this, 160 mEq is combined with H* and remaining 
10 mEq is called neutral chloride. 
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Pepsinogens 


1, These are proenzymes (molecular weight 42,500) 
secreted from chief or peptic cells of the stomach. 
They are converted to the active enzyme Pepsin in the 
presence of an acidic pH (optimally around 2). 

2. Pepsinogen is classified into two groups, | and II, based 
on electrophoretic mobility. 

3. Pepsinogen is converted to pepsin b 


Peps! 3 y acid and pepsin 
itself by an autocatalytic process. 


RE 
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Pepsin has a molecular weight of about 35,000, It is 
a proteolytic-enzyme, It breaks down peptide bonds 
involving aromatic amino acids and thus produces 
proteoses and peptones. 


. Pepsin is an endopeptidase, ie. itacts inthe midportion 


of the molecule and not terminally. Tt acts best at pH 
range 1.5-3.5. It digests about 20% of ingested proteins. 


Intrinsic Factor 





. Deficiency of intrinsic factor may also occur in total 


_ Itis secreted from oxyntic cells of gastric mucosa along 


with HCl. 


_ Itis glycoprotein in nature with a molecular weight of 


45,000. 


_ It combines with vitamin B,, (extrinsic factor). The 


intrinsic factor—vitamin B,, complex is highly resistant 
to digestive degradation. So, this complex reaches 
the terminal ileum in intact state and vitamin B., is 
absorbed at this site. 


. Deficiency leads to pernicious anemia, (see p. 75) which 


is an autoimmune disease with antibody produced 
against the intrinsic factor. 


gastrectomy. These conditions lead to vitamin B,, 
deficiency. 


. Treatment of this condition is by parenteral administra- 
darenteral adminis! 


uon of vitamin B... 

Oral administration of vitamin B,, is useless in 
pernicious anemia because intestinal absorption of 
vitamin B,, does not take place when intrinsic factor is 
absent or inactive. 


Gastric Mucus 


:. 


Zz 


It provides defence against acid, pepsin, and physical 
trauma by solid food. 

It is of two types—(a) visible mucus and (b) soluble 
MUCUS. 


Cl- HCO, 
exchanger 


J, 
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Visible mucus is secreted by surface epithelia) col} 
slippery nature prevents physical trauma from . 
foods. The surface epithelial cell also secretes He . 
in large amounts. This HCO, mixes with visible 
making it alkaline. Thus, it helps in the formatie 
gastric mucosal barrier (see below), 

Visible mucus is secreted even in resting stoma 
The rate of secretion increases with ingestion of i, 


q 


Mie. 
nof the 


. Soluble mucus is secreted from neck cells, fy is n 
% tityt 


secreted in resting stomach. As food enters into the 
stomach, it is secreted along with acid and Pepsinogen 
Their secretion is stimulated by more or less identic, 
factors (see below). 


. Mucin, the essential constituent of mucus, ;, . 


glycoprotein composed of 4 monomers. Each of the:, 
monomers have a central protein core surrounded by 
carbohydrate chains which protect it from proteo}y;, 
digestion. . 


. Secretion of mucin is enhanced by vagal stimulation 


irritant foods, and prostaglandin. 


ANISM OF HCI SECRETION (FIG. 46.3) 


. Before going into the chemical reactions involveg 


in the formation of HCl, let us first consider why a 
primary active transport or pump is required for HC} 
secretion. 


. Ifwe consider the H* concentrations inside the parietal 


cell and the gastric lumen, we will find that H’ ion has to 
be secreted from the parietal cell into the gastric lumen 
against a concentration gradient of several million 
times. This is because pH of gastric lumen is about 0.9 
whereas pH of the parietal cell is about 7.0. 


. So, the Htions have to pass against a steep concentration 


gradient. This requires energy which is provided by the 
H*-K*t-ATPase pump. 


H*- K*- ATPase 


Fig. 46.3; Mechanism of HCI secretion. 
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vag CHEMICAL REACTIONS 


ie the parietal cell, water breaks down into Hand 
OH. rons. | 
1O2H'+O0H 

the H ion is pumped out of the cell into the 
1 -K’-ATPase pump, 

the & ions that enter the cell in exchange of H’ ions, - 
reenter the gastric lumen through a K*-channel, 
gown their concentration gradient. These kK ions are 
cubsequently pumped back into the parietal cell by 
5j°- K’-ATPase. 


lumen by | 


: CO inside parietal cell (derived from cell metabolism) _ 


-eacts with water to form carbonic acid Catalyzed by 
carbonic anhydrase enzyme. oh 
CO.+H.O>H,CO, 

Carbonic acid breaks down into H* and HCO- 
H.CO.>H° + HCO, 


; This H’ neutralizes the toxic OH- radical of the first - 


rj, 


reacnon. 

The HCO; passes out through the basolateral membrane _ 
nexchange ofa Clion through a Cl'/ HCO; exchanger. | 
The Cl ions, on entering the cell, attain a high | 
-oncentration. These ions ultimately reach the luminal — 
~embrane and pass into the gastric lumen through a _ 
-| -channel. 

‘ow, the H’ and CI secreted into the lumen form HCl. 


| Histamine Acetyl 


' 
i 


Somatostatin 


— . choline 
Ca** 
| PGE, | 


9» 
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\ BLPOSTPRANDIAL ALKALINE TIDE 
li 


From the above reactions, it is evident that, especially 
after a meal, when HClis produced in large quantities, 
HCO, passes to the blood in equally large amounts. 
This excess HCO, in the blood leads to a transient 
alkalemia. 
Also, the HCO, ions in blood are filtered through the 
glomeruli in the kidney in greater quantities than can 
be reabsorbed in renal tubules. 
Thus, the HCO, ions pass in the urine making it 
alkaline. This alkaline reaction of blood and urine after 
meals is known as postprandial alkaline tide. 


EGULEATION OF HCI SECRETION (FIG. 46.4) 


HCI secretion is regulated mainly by three chemical 
agents, e.g. acetylcholine (ACh), histamine and gastrin. 
All of them act on specific receptors present on the 
parietal cell membrane. 


. Acetylcholine is secreted from the vagal cholinergic 


nerve endings. It binds to M, muscarinic receptors. This 
opens a Ca**- channel, causing a rise in intracellular 
Ca* concentration. Atropine and more specifically 
pirenzepine block this pathway. ACh, acting through M, 
muscarinic receptors in the parietal cell, stimulates H*- 
K*-ATPase also by a IP,/DAG (diacylglycerol) pathway 
similar to gastrin. 


——> Stimulation 


rons > Inhibition 

Ac -<Adenylyl cyclase 

PKA —Protein kinase A 

PKC ->Protein kinase C 

PIP, —»Phosphatidyl inositol biphosphate 
IP; Inositol triphosphate 

DAG — Diacylglycerol 

PLC ~— Phospholipase C 


Fig. 46.4: Regulation of HCI secretion showing signal transduction pathways through H,-receptor, M, muscarinic receptor and gastrin 
receptor (GR) on parietal cell and also effects of PGE, and somatostatin (see text). 
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. Histamine is secreted from enterochr 
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ymaffin-like cells 
present in the deeper parts of gastric glands. Acting 
in a paracrine fashion, they act on H,-receptor on 
parietal cell. Histamine, acting through a Gs protein, 
activates adenylyl cyclase with breakdown of ATP into 
cAMP (cyclic adenosine monophosphate). Increased 
concentration of cAMP activates cAMP-dependent 
protein kinase or protein kinase A which ultimately 
increases HCI secretion. H,-blockers like cimetidine, 
ranitidine, etc. block this pathway. 

Acetylcholine and gastrin augment re 
histamine from ECL whereas somatostatin inhibits 
histamine release from ECL. 


_ Gastrin is a less powerful stimulant of HCl secretion. 


It is secreted from G cells present in pyloric antrum. 
It increases intracellular Ca** concentration through 
phosphoinositol pathway. Proglumide inhibits the 
action of gastrin-mediated HCl secretion. 


_ Prostaglandins of E and I variety inhibit HCl secretion 


by activating the inhibitory G protein Gi, which 
ultimately lowers cAMP concentration. 
Somatostatin, apart from inhibiting histamine secre- 
tion (see above), also activates Gi. This causes inhibition 
of HCl secretion. 


. Although ACh, gastrin, and histamine are independent 


stimulants of HCI secretion, they potentiate action of 
one another to a great extent. This is one reason why 
antagonist of only one type of receptor like H,-blocker 
is effective in reducing HCI secretion to low levels. 


. Parasympathetic nerve (the vagus) is the strongest 


stimulator of HCI secretion (Flowchart 46.1) because: 
a. It directly stimulates M, muscarinic receptors via 


ACh. 





b. 


estive System 
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It stimulates gastrin receptors via paste 
peptide (GRP) which releases gastrin, 
it stimulates ECL cells and releases hist, 
acts on H, receptors on parietal cells 


I. Telp., 


Mine 


It inhibits somatostatin secretion frorp py 


removes somatostatin-mediated inhibition " 
Of 


secretion. 
All these effects greatly stimulate HC] secre: 
“Teton 


Bf CONTROL OF GASTRIC SECRETION 


lease of | Gastric secretion is controlled by neural anq cher, 


mechanisms. It is studied in four phases: (4) cep, , 
(B) gastric, (C) intestinal, and (D) interdigestive ay 
A. Cephalic phase (cephalos = brain) S€5 


l. 


This phase of gastric secretion is mediated br. 

nerves, which bring impulses from the he 
o,e qt}. 

conditioned and unconditioned reflexes. 


- Unconditioned (inborn) reflexes are elicitedby;,.. 


present in mouth, act of mastication and deg), 
tion. Slur. | 


-_ Conditioned reflexes are elicited by sight, smei,. 


even the thought of food. It can also occurintespors: | 
to nonphysiological conditioned stimulus such « 
the sound of a bell. [Ifa bell is regularly sounded : 
the time of offering food to a dog, after some tin: 
the dog shows increased gastric secretion at th: 
sound of a bell even if no food is offered.| 


_ The secretion in this phase begins within 5 minua 


after stimulation and lasts for /%-2 hour. The rate 0! 
secretion varies between 250-750 mL/hr. 


_ The secretion mainly contains acid and pepsin ax 


its composition is not influenced by the chemica 
nature of food. 


Flowchart 46.1: Mechanism of increased HCI secretion on vagal stimulation. 
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Vagal stimulation 


Stimulates secretion 


? Secretion of gastrin 
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(ACh: acetylcholine; ECL: enterochromaffin-like; GRP: gastrin-releasing peptide) 
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« Truneal vagotomy completely abolishes this 
secretion, However, atropine which inhibits ACh 
fails to inhibit the secretion completely. This 
suggests that some noncholinergic vagal fibers are 
volved in this phase of gastric secretion, ‘These 
noncholinergic vagal fibers stimulate acid secretion 
hy secreting GRP which promotes release of gastrin 
from G cells. This gastrin stimulates HCl secretion, 

- }{ food is attractive, served in favorable environmen- 

tal conditions and the person who ingests food, is 

mentally relaxed, the amount of gastric secretion in 
cephalic phase increases appreciably. 

p. Gastric phase 
|. Secretion in this phase is stimulated as food enters 

into the stomach. 

This phase has two mechanisms of secretion: 

(a) Neural and (b) chemical. 

3. Neural mechanism involves long vagovagal and 
short reflexes. 

4. Inlong vagovagal reflexes, food stretches the wall of 
stomach. This excites vagal afferents which travel up 
to the brain from where efferent vagal fibers come 
back to the stomach to stimulate gastric secretion. 

-. Inshort reflexes, the afferent and efferent nerves are 

located entirely within the wall of the stomach. Here 
also, stretch is the stimulus for secretion. 
Chemical stimulation of this phase is mediated 
through the hormone gastrin secreted from G cells. 
Gastrin secretion is stimulated by digested products 
of protein, vagal stimulation mediated through 
GRP, stretch of gastric wall and Ca** ions. Gastrin 
secretion is inhibited by pH <2.5, somatostatin, 
secretin, vasoactive intestinal polypeptide (VIP), 
gastric inhibitory polypeptide (GIP), and glucagon. 
this phase starts within 15 minutes after stimulation 
and lasts as long as food is present in stomach. The 
rate of secretion is approximately 40-70 mL/hr. 


to 


aN : Examples of both positive and negative feedback 
_ «seen in the gastric phase of gastric secretion. 


the positive feedback loop in operation here is as 
Hollows: 


_ “astrin stimulates acid secretion > the acidic pH helps 
_ /0 conversion of pepsinogen into pepsin > pepsin digests 
_ Protein into proteoses and peptones which stimulate 
E urther gastrin secretion, 


On the other hand, in gastric phase, low pH caused 


> Y gastric acidity activates antral D cells which secrete 
_ *°matostatin. Somatostatin inhibits gastrin secretion and 


Mis reduces gastric acid secretion. This is an example of 


_ ?¢galive feedback by which excessive HCl secretion is 
Prevented, 
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8h. Composition of this secretion depends on nature 


of food. Protein-rich food rich in tryptophan and 
phenylalanine particularly stimulates increased 
secretion of acid and pepsin. Caffeine, alcohol, 
and Ca‘ ions also stimulate gastric secretion in this 
phase. 

9, When pH falls below 3, the hyperacidity stimulates 
endocrine D cells to release somatostatin which 
inhibits gastrin secretion by a paracrine effect. 
This is a negative feedback effect which prevents 
excessive acidity in gastric lumen. 

C. Intestinal phase 

1. The gastric secretion in this phase shows an initial 
phase of stimulation followed by inhibition at a later 
stage. 

2. Initially, as long as the gastric chyme entering 
into the duodenum is less acidic (pH >3), gastric 
secretion is stimulated. 

But, later on, as the incoming gastric chyme 
becomes strongly acidic (pH <2), gastric secretion 
is inhibited. 

3. Secretion in this phase starts 2-3 hour after stimu- 
lation and lasts for 8-10 hour. The rate of secretion 
ranges between 40 mL/hr and 60 mL/hr. 

4. Gastric secretion is stimulated in this phase by 
gastrin liberated from G cells in the duodenum and 
upper jejunum in response to peptides and amino 
acids. 

Another hormone called entero-oxyntin also 
stimulates gastric secretion in this phase. 

5. Later in this phase, various neural and chemical 
factors reflexly inhibit gastric secretion and motility. 

6. Neural inhibition of gastric secretion is caused by 
presence of acid in the duodenum. 

7. Presence of hyperosmolarity, hyperacidity, and 
digested products of lipid in intestine inhibits 
gastric secretion in this phase. 

Chemical agents involved in this phase with 
inhibitory effect include secretin (stimulated 
by acid) along with CCK-PZ (cholecystokinin- 
pancreozymin) and GIP (stimulated by digested 
products of food). 

8. It was previously believed that a hormone 
“enterogastrone’, secreted from the intestine, acts 
on the stomach inhibiting gastric secretion and 
motility. 

But, in spite of extensive search, the exact 
chemical nature of “enterogastrone” is not yet 
identified. 

D. Interdigestive phase 

1. [tis the phase when there is no stimulatory influence 

coming from the brain, stomach or intestine. 


ce 
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4. Inthe absence of stomach (which acts as 4 peg, 
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2. It is the basal secretion and increases in abnormal 
conditions like duodenal ulcer. 


B EXPERIMENTS TO STUDY GASTRIC SECRETION 


A. Sham feeding experiment 

1. Here, the esophagus of a dog is exposed in the neck, 
divided into two and the nwo cut ends are connected 
to the exterior, So, as the dog eats food, it comes out 


through the neck. 
>? A cannula is inserted into the stomach to collect 


gastric juice. 

3. It is observed that as the dog eats food, gastric 
secretion increases although the food is not 
reaching the stomach. This proves that gastric 
secretion can be stimulated by food even before it 
reaches the stomach. Thus, it is a proof of cephalic 
phase of gastric secretion. 

_ The secretion stops on vagotomy proving that the 
cephalic phase of secretion is mediated by the 


vagus. 


B. Pavlov’s pouch 
i}. “Pouch” means an isolated “pocket” where gastric 


secretion unmixed with food can be collected. 

In Pavlov’s pouch, which is a segregated segment of 

the stomach inaccessible to food, the nerve supply 

of the pouch and that of the stomach are the same. 

So, secretion in Pavlov’s pouch is influenced by the 

same neural and chemical influences (which come 

through blood) as the stomach. 

3. It helps in finding out the effects of different types 
of food as well as different neural and chemical 
influences on gastric secretion. 


~~ 


C. Heidenhain pouch 


1. This is a denervated pouch formed by gastric 
mucous membrane situated in parts of body which 
may be away from its normal location. 

2. It shows the effects of only chemical influences 
coming through blood on gastric secretion. 
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a large amount of the food enters all at one. int 
the 


intestine. 
So, absorption of food including Carbohyd, 
Ate | 


rapid, Rapid absorption of glucose causes hypery . 

mia which stimulates insulin secretion. Thic lat Wp 
t fT 

causes rebound hypoglycemia. On 


. Asaresult of hypotension, hypoglycemia, and intes 
inal 


distension, the patients experience sympto,. 
weakness, dizziness and sweating which tices 0 
constitute dumping syndrome. eet 

The symptoms due to intestinal distensio,, and 
hypotension occur soon after food intake anq thee 
are known as early dumping syndrome. On the ne 
hand, rebound hypoglycemia is a late manifestatic, 
and hence, it is called late dumping syndrome. 


i FUNCTIONS OF STOMACH 


. It stores food temporarily-and releases food to the 


intestine at a slow regulated rate. 


. It secretes HCl which kills pathogenic organisms, 
_ It secretes intrinsic factor which helps in absorbing 


vitamin B.,. 


_ It secretes mucus and HCO, which prevent mucosal 


damage. 


. Mixes food with gastric secretion specially HCl and 


pepsin. 


TESTS OF GASTRIC FUNCTION 


1. Tests for HCI secretion 


A. Basal acid output: It is the basal acid secretion 
determined by morning collection of gastric 
secretion following an overnight fast. A Ryle’s tube 
is used for this purpose. 

Normal value is 0.5-2 mEq/hr. The value increases 
in duodenal ulcer and is very high in Zollinger- 


Ellison syndrome. 
B. Peak acid output: In this test, various agents are 


used for inducing maximum gastric output which 
is then measured. These are: 
a. Histamine test: 0.5 mg of histamine is used as 
subcutaneous (SC) injection. 
b. Pentagastrin test: 6 pg/kg of pentagastrin Is used 
as intramuscular (IM) injection. 
c. Insulin test: 15 units of soluble insulin are used 
as intravenous (IV) injection. 
2. Fractional test meal analysis: 
a. The patient is advised to remain on overnight! 
and come on empty stomach on the following 
morning. 


\ Sw osene SYNDROME 


1. In total gastrectomy and in patients with gastrojeju- 
nostomy, the stomach, which normally stores food 
and discharges it slowly into the intestine, is absent or 
bypassed. So, in these conditions, food directly enters 
into the intestine at a rapid rate. 

2. This stretches the intestinal wall, which is accentuated 
by the osmotic swelling caused by the hypertonic food 
which draws fluid inside the intestine. 

3. Drawing of water into the intestine at a rapid rate from 
systemic circulation causes hypotension, 
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pb. The fasting juice is aspirate 

ihe first sample, 

¢ Now, a liquid meal of 4 
alternatively alcohol is give 
tube. 

Then samples of about 10 ML are 
minutes for 3 hours. Thus 
collected in all, 

e, The samples are now tested for the pre 

starch, bile, etc. 

{ Topfer'’s reagent is used as 

determine free acid while phen 
as the indicator to determine to 


d by Ryle’s lube. Thig is 


arley or Oatine 


al or 
0 through Intrag 


asiric 


~ 
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aspirated every 15 


» 4 total of 13 sample 


$ are 
sence of acid, 
the indicator to 


olphthalein js used 
tal acid. 


gASTRIC MUCOSAL BARRIER AND PEPTIC ULCER 
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. This barrier consists of a layer 


Although gastric secretion contains 
which have proteolytic activity, 
is not digested. It is protected from a 
gastric mucosal barrier (Fig. 46.5). 


HCl and pepsin 
utodigestion by 


of mucin secreted from 
the surface mucous cells. 


_ This layer of mucin contains bicarbonate secreted 


from gastric epithelium. Bicarbonate neutralizes HC] 
molecules trying to penetrate into the mucous layer, 
[here is a marked difference of PH across the mucin 
ayer. The pH is about 1-2 (highly acidic) at the luminal 
urface while it is neutral or alkaline (pH about 7) where 
adjoins the gastric epithelium. 
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peptic digestion is prevented by: 
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* Inhibit HCI secretion by inhibiting cAMP 
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A . Fig. 46.5: Gastric mucosal barrier. 


Gastric 
epithelium 
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the gastric wall itself 


by inhi 
cycloo 
a side effect. 


» The pit gradient is maintained by mucin and 
bicarbonate. Alkaline or neutral pH at the epithelial 
surface inactivates pepsin, the proteolytic enzyme. 
Thus, this gastric mucosal barrier effectively prevents 
acid-peptic digestion of gastric wall or autodigestion. 

6. Other important protective mechanisms are: 

a. Tight junctions between gastric epithelial cells 
Prevent entry of corrosive materials through the 
epithelium, 

». Prostaglandin, by stimulating secretion of mucin, 

helps in the function of mucosal barrier. 


rostaglandin analo 

ulcer in two ways: 

1. By stimulating production of mucin and enhancing 
mucosal barrier 

2. By directly inhibiting HCI formation by inhibiting 
CAMP through Gi (Fig. 46.4). 

So, NSAIDs (nonsteroidal anti-inflammatory drugs) 
biting prostaglandin synthesis ( by inhibiting 

xygenase), may lead to peptic ulcer formation as 


gs like misoprostol prevent peptic 





c. Another factor possibly contributing to acid 
resistance is trefoil peptides. These peptides have 
3 loops linked by disulfide bonds near their amino 
terminal. 
Their molecular structure simulates “clover leaf” 
in appearance. These acid-resistant peptides are 


believed to play some role in protecting the stomach 
from autodigestion. 


ICULCER 


1. Peptic ulcer is of two types—(a) Gastric ulcer and 
(b) duodenal ulcer. 


gz ie 7 


2. In duodenal ulcer, excess HC] secretion is the 


predisposing cause. Other features include increased 
number of parietal cells and elevated gastrin level. 

In contrast, in gastric ulcer, weakened mucosal 
barrier is the principal predisposing factor, gastric acid 
secretion being normal or below normal. 

The hypoacidity in gastric ulcer is in part due to 
back-diffusion (leaking back) of H* ions through the 
damaged mucosa. Causes of weakened mucosal barrier 
include—(a) diminished blood flow, (b) decreased 
rate of cell renewal in the gastric mucosa, (c) deficient 


production of mucus and (d) the damaging effects of 
alcohol, aspirin, etc. 


Bf OTHER FACTORS CAUSING PEPTIC ULCER 


1. Helicobacter pylori infection disrupts the mucosal 
barrier and predisposes to ulcer formation. H. pylori 


I A eee : 


ea to produce NI 


secretes urease which splits u 
flourish in the 


NH_ helps H. pylori to survive and 
acidic environment. Atthe same time, 
epithelial cells permitting back-diffusion 0 
_ Nonsteroidal anti-inflammatory drugs | 
ibuprofen, etc. by inhibiting pr 
to ulcer formation. 
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predispose 
3. Gastrin-secreting fumo 
excessive production of HCl an 
disease is also called Zollinger-Ellison s 


TREATMENT OF PEPTIC ULCER 


~~ 1. Antacids like magnesium oxide, 
aluminum hydroxide, on ingestion, 
HC], and help in healing peptic ulcer. 
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Gastric ulcer ts caused by: 

‘weakened mucosal barrier due to— 
Diminished blood flow 
Decreased cell renewal 
Deficient mucus production 
effects of drugs and alcohol 

Duodenal ulcer ts caused by: 

Excess HC] secretion 

increased parietal cell mass 

Ejevated gastrin level 


a. 


Other causes: 
3. Helicobacter pylori 
b. NSAIDs 
Zollinger-Ellison syndrome 





Treatment: 

_ Antacids 

. H,-blockers 

Atropine and pirenzepine 

. Omeprazole 

Sucralfate 

Vagotomy with gastrojejunostomy/ pyloroplasty 
Misoprostol to combat NSAIDs 

Sedatives 
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tic ulcer, they 


y H-antagon 
H,-receptors. 


This Improves Pel 
_ Atropine blocks the AC ‘h-sensitive muscarinic reg 


atimulated by vagus: ‘This also reduces HCI geep, 
However, clinically it is not so useful, as itis ang 
N8elap 


tive blocker of muscarinic receptor 
ence, It has unacce ytable side effec 
ea ‘8 Involving 


multiple organs. 
Pirenzepine is a highly selective blocker og u 
muscarinic receptor present in the stomach, §¢ M 
useful in the treatment of peptic ulcer, a 
A, Omeprazole inhibits H'-K'-ATPase pump (pro, 
pump). Thereby it inhibits HCI secretion. . 
itis, therefore, a useful antiulcer agent. 
5. The drug sucralfate helps in healing peptic ulcer by \n¢. 
action on the ulcer. . 
6. Surgical treatment is no longer common because 
of the advent of powerful antiulcer agents, ¢ | 
omeprazole and H,-blockers. Still, vagotomy éctnieag 
with a drainage procedure such as pyloroplasty ot 
gastrojejunostomy, has a place in treating intractable 
peptic ulcer. (Vagotomy produces gastric stasis, Hence 
it requires a drainage procedure, e.g. pyloroplasty . 
gastrojejunostomy. ) 
Gastrinomas requl 


successful treatment. 
7. Helicobacter pylori infection, if present, is treated with 


antibiotic drugs additionally. 
8. Whenadministration of NSAID drugs is the exacerbating 


cause, stoppage of the offending drugs or combining 
them with prostaglandin analogs, e.g. misoprostol, is 


advocated. 
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Note: In acutely ill hospitalized patients HC! secretion is 
increased due to stress. This may produce ulcers called 
stress ulcers. Antiulcer agents are, therefore, routinely 
administered in these patients. 

However, the decreased acidity thus produced, 
eliminates the protective action of HCI against bacteria. 
So, these immunocompromised patients become 
particularly susceptible to infections. 











INTRODUCTION 


 }. Pancreas is a mixed type of gland having both exocrine 
and endocrine functions. 
> Histologically, the exocrine portion of pancreas is a 
= compound racemose gland consisting of numerous acini 
____ which are the secretory units. 
_ 3. Eachacinus is lined by pyramid-shaped glandular cells 
containing enzyme-rich granules. They are mainly 
responsible for secretion of enzymes. 
__ Centroacinar cells arise from the junction of the acinus 
with its duct and they grow into the lumen of the acinus. 
Centroacinar cells and the early generations of the ducts 
mainly secrete fluid and electrolytes. 
smaller pancreatic ducts progressively coalesce to 
ijtimately form two large ducts, the main pancreatic 
juct (duct of Wirsung) and the accessory pancreatic 
duct (duct of Santorini). The latter drains mainly the 
read of pancreas. Both the ducts drain into the second 
oart of the duodenum through separate openings. The 
main pancreatic duct and the common bile duct open 
‘(hrough a common opening guarded by the sphincter 
of Oddi. The accessory pancreatic duct opens into the 
_ duodenum more proximally. 
__. The pancreas secretes 1.2-1.5 liter of pancreatic juice 
_ daily. The pancreatic secretion has a pH of 7.8-8.4 and 
its specific gravity is 1010-1020. 


OB MAIN CONSTITUENTS OF PANCREATIC JUICE 

Z ? oteolytic Enzymes 

_ !. All the proteolytic enzymes, e.g. trypsinogen, 
___ chymotrypsinogen, procarboxypeptidase, proelastase, 


procollagenase, remain in the pancreatic juice as 
inactive proenzymes. 


Exocrine Pancreas 


2. Trypsin inhibitor present in the pancreatic juice 
is another factor which prevents the activation of 
pancreatic enzymes inside the pancreas. 

The above two facts explain why pancreas is not 
digested by its own enzymes (autodigested). 

3. But once the pancreatic secretion enters into the lumen 
of small intestine, enterokinase secreted by the small 
intestinal cells activates trypsinogen into trypsin. 

4. Trypsin, once formed, not only autocatalyzes its own 
formation from trypsinogen but also catalyzes the 
conversion of other proenzymes into their active forms. 

5. Trypsin and chymotrypsin are endopeptidases. They 
convert proteins into peptones and proteoses. 

6. Carboxypeptidase, in contrast, is an exopeptidase 
cleaving off amino acids from the carboxylic terminal. 

7. Active forms of proelastase, procollagenase, and 
nuclease act on elastin, collagen, and nucleic acids, 
respectively. 


Amylolytic Enzymes 


1. The pancreatic amylase, distinct from salivary amylase, 
acts optimally at pH 7.1 and it is quite effective in 
neutral or mildly alkaline environment. 

2. Itis an a-amylase. It has the ability to act on both boiled 
and unboiled starch forming maltose, c-limit dextrin, 
etc. (unlike salivary amylase which acts exclusively on 
boiled starch). 

3. Plasma amylase level becomes high in acute pancre- 
atitis. 


Lipolytic enzymes 


1, Pancreatic lipase is by far the most important lipolytic 
enzyme of the body. Lingual lipase and gastric 
lipase—the other two lipases secreted from other 
sites—have relatively insignificant activity. That is why 





in pancreane Insufficiency, sfeatorrhea (presence of 

excess undigested fatin stool) is the main presenting 

SVMpPOM 

erorawhe Qyxese splits neutral fat into fatty acids and 

mMonoahvoonides. 

S. Covepase helps in the action of pancreatic lipase by 
uncovering the active site of lipase. 


Vohame: 1200-1500 mL. ‘dav 
pH: 7 .$-8.4 (alkaline) 
Specific eravit: 1010-1020 
Water, 88 
Sohds: 2% 
Enrymes: 
&. Prowolytic 
i. Trypsinogen 
=. Chymozrypsinogen 
. Procarbaxypeptidase 
. Proelastase 
Procollagenase 
Nucleases 
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Pancreatic lipase 

Colipase 

Bile salt-activated lipase 
Phospholinase 

. Caolesterol ester hydrolase 
Also, trypsin inhibitor is present. 
Hiectrolytes: 

Cations: Na’, K", Ca~, Mg, and Zn- 
Anions: Cr, HCO;, PO, , and SO; 
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+. Bile salt-activated lipase is another lipase specifically 
activated by bile salt. It exerts its actions on phospho- 
lipids and cholesterol esters. 

5. Phospholipases, as their name Suggests, act on 
phospholipids. 

6 Similarly, cholesterol ester hydrolases break down 
cholesterol esters into cholesterol and fatty acids. 


Bicarbonate 
This helps in neutralizing the acidic chyme which comes 
from the stomach and enters into the duodenum and 
upper small gut 

Thus, the pH of this region is kept alkaline, which is 
suitable for the action of the various digestive enzymes of 
the pancreas. 
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Mechanism of Bicarbonate Secretion (Fig, 47, / ) 


1, CO, enters into the pancreatic ductular ce 
blood. It combines with water to form Ca 
(H,CO,) catalyzed by the enzyme carbonic 
HCO, dissociates into H' and | ICO, ions, 
are secreted into the lumen of Pancreatic 
Cl-HCO, exchanger, an antiport. The 
into the cell goes back into the lumen Via 
(cystic fibrosis transmembrane conducta 
channel. HCO, secretion depends on the Activ) | 
CFTR channel. Yor 

Na* ions are secreted along with HCO,. 

2, Na*and HCO, ions secreted into the 
pancreatic ducts draw water into them Os 
Thus, a bicarbonate-rich pancreatic secretig 
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Note: In cystic fibrosis, due to an abnormal 
is defect in the CFTR channel or it may even be absent 
This decreases HCO, secretion. Secretion of wateris als, 
reduced to maintain intracellular osmolarity. As a result 
the pancreatic secretions are inspissated Siving rise to 
the pathological features. 

Among the ill effects of drying up of Pancreatic 
secretion are—(1) Damage to the pancreatic tiss 


sene, there 


ue by 


blocked secretion of enzymes, and (2) damage to the 
small intestine by acid as a result of loss of alkalinity 
(reduced HCO,,) of pancreatic secretion. 


Secretin 





Fig. 47.1: HCO. secretion in pancreatic acinar cell. (1) A NaH?’ 
syMport Causes entry of HCO, into the pancreatic acinar C" 
(2) HCO, is secreted into the lumen via Cl-HCO, exchange 
(3) This is regulated by Cl exit into the lumen through CFT 


_ channel, (4) CFTR channel is activated by secretin acting via cAM 
' and protein kinase A. 











ytRol OF PANCREATIC SECRETION 

( 

divided into three phases as deseribed here, 

- his 

| cephalic Phase 

: smell, taste, and sight of food excite the brain and lead 

“aq small volume enzyme-rich pancreatic secretion, 
vagal efferent nerves which secrete acetylcholine 
mediate this secretion, 

. Although important in lower animals, in man gastrin 

- nas very litte or no role in the cephalic phase of 


pancreatic secretion. The cephalic phase accounts for 
about 20% of pancreatic secretion, 


© Gastric Phase 


|. Stretching of the stomach by food > activates vagovagal 
gastropancreatic reflex > this stimulates enzyme-rich 
pancreatic secretion. 

_Gastrin secreted during gastric phase may stimulate 
pancreatic secretion. 
However, its role is of doubtful value. 

Gastric phase contributes only 5-10% of pancreatic 

secretion. 


~ 


» t»-cstinal Phase 


rntry of acidic chyme into the intestine — leads to 

-ecretion of secretin > induces bicarbonate-rich pan- 
reatic secretion from ductular and centroacinar cells. 
igested products of lipid and protein (including the 
nino acids tryptophan and phenylalanine, fatty acids 
‘more than 8 carbon atoms and monoglycerides) 
‘imulate secretion of CCK-PZ (cholecystokinin- 
ancreozymin) — this results in enzyme-rich 
ancreatic secretion — the secreted enzymes generate 
ore digested products of lipid and protein, creating a 
sitive feedback. 

\n enteropancreatic vagovagal reflex triggered by 

»roducts of digestion in the small intestine may operate 

-o Cause pancreatic secretion, especially during the 

‘initial rapid secretion of the intestinal phase. 
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(1. As much as 70-80% of pancreatic secretion occurs In 
this phase, 


Note: ‘the secretion of HCO, and fluid in response to 
secretin itself would have been quite small if if was not 
strongly potentiated by simultaneous secretion of COCK 
PZ In presence of fat and protein products, Due to this 
potentiation, secretion of HCO, and fluid is significantly 
augmented, 

This type of potentiation is highly beneficial because 
it reduces requirement of individual hormones. 





Steatorrhea is defined as presence of fat in stool exceeding 
7 g/day. 

1. In pancreatic insufficiency, lipid digestion is most 
affected as pancreatic lipase is almost exclusively 
responsible for fat digestion. 

2. In this condition, fat is present in stool in excess 
amounts, often exceeding 40 g/day whereas the normal 
excretion of fecal fat is 4-7 g/day (with a normal daily 
fat intake of 100 g/day). 


Bl ACUTE PANCREATITIS 


1. In this condition, the pancreatic enzymes, normally 
inactive inside the pancreas, become activated. 

2. Lysolecithin, produced by the action of activated 
phospholipases, damages pancreatic tissue. This leads 
to spillage of enzyme-rich fluid in the peritoneal cavity 
with potentially disastrous consequences. 

3. In this condition, pancreatic amylase enters into the 
plasma. Value of serum amylase is high exceeding 
500 Somogyi units in acute pancreatitis (normal 
value 50-150 Somogyi units). Value of serum lipase 
is also increased and it is an even more specific 
finding. Elevated levels of these enzymes in serum 
are, therefore, valuable diagnostic signs of acute 
pancreatitis. 
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B ANATOMICAL FEATURES 


1. The liver is located in the right upper abdomen. It 
weighs about 1,500 g. 

2. The blood supply to the liver comes from two sources— | 4 
_a) The portal vein and (b) The hepatic artery. 

a. The portal vein brings back venous blood from 
the small and large intestine, the spleen, and the 
pancreas. It is rich in nutrients but poor in oxygen. 

Inside the liver, the portal vein divides into 
branches and sub-branches and ultimately gives 
rise to sinusoids. These run between cords of 
hepatocytes in the liver lobule—the structural and 
functional unit in liver. 

b. The hepatic artery, like the portal vein, also divides 
into progressively smaller branches which finally 
accompany the branches of portal vein. Blood 
from branches of hepatic artery also drains into the 
sinusoids and mixes freely with blood coming from 
portal vein. The sinusoids drain into central veins 
which are tributaries of the hepatic vein. Hepatic 
vein, in turn, drains into the inferior vena cava. 

3. There are large gaps or fenestrations in between the 
endothelial lining of the sinusoids. They allow free | _ 6. 
interchange oflarge molecule metabolites and nutrients 
between the hepatocytes and sinusoidal blood. Also, 
macrophages called Kupffer cells are present in the 
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Bile canaliculi 
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The Liver 
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endothelium ofthe sinusoids. They perform Protectiy, 
function which is important especially in view of large 
number of bacteria coming from the gut along the 
portal vein. 


. The bile canaliculi start as spaces between adjacen; 


hepatocytes. However, soon they acquire a lining 
membrane. These small bile canaliculi gradually unite 
to form larger bile ducts. Branch of portal vein, branch 
of hepatic artery, and branch of bile duct lie togethe; 
between liver lobules and there they form whatis called 
the portal triad (Fig. 48.1). 

The bile ducts unite to form bigger ducts ultimately 
forming the right and left hepatic ducts. These again 
join to form the common hepatic duct. It descends 
downwards and joins with cystic duct coming from the 
gallbladder to form the common bile duct. The common 
bile duct near its termination unites with the pancreatic 
duct and opens into the second part of the duodenum. 
This opening is guarded by a common sphincter called 
the sphincter of Oddi. It is now known that the sphincter 
of Boyden present in the common bile duct is more 
important functionally (Fig. 48.2). 

There is variation of opinion about the structure of liver 
lobule. According to some, the central vein is at the 
center of the lobule. This is called the classical lobule. 
According to some others, the portal triad is at the 


Bile duct 
Portal triad 


Branch of portal vein 
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Fig. 48.1: Histological features of the liver showing portal triad, sinusoids, bile canaliculi and central vein. 
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Liver 


Cystic duct 


Common hepatic duct 






Gallbladder — 
Common bile duct —— 


~ Pancreas 
Accesory pancreatic duct ——___ 


~~ Pancreatic duct 


Duodenum 


Fig. 48.2: The liver, gallbladder, and Pancreas and their ducts opening into duodenum. 


center of liver lobule. Still others opine that the liver 
lobule is the diamond-shaped space bounded by the B CONSTITUENTS OF LIVER BILE 


portal triad at two ends and the central veins at two | A+ Bile salts (Fig. 48.3): 


other ends. 1. ‘These are the Na or K salts of conjugated bile acids. 
7. Whatever be the structure ofliver lobule, the hepatocytes 2. Bile acids are of RIO {YDES: —— 7 

close to the portal triad undoubtedly get more oxygen a. ee Pre ema in a liver, e.g. 

Seniasehnat Meee TCs] i, Gehman oeeaiiemd 

irom Diane ee BED One artery). The hep arreyees | following bacterial decorapoatiah of primary 

a el eee bile acids, e.g. deoxycholic acid and lithocholic 

cater cells are, therefore, more susceptible to hypoxic aan » €.8. 

eae 3. All the bile acids are derived from cholestero! 
and contain a CPP (cyclopentanoperhydro- 

| -APOSITION OF BILE 


phenanthrene) nucleus. 

le is a viscid, greenish-yellow, slightly alkaline fluid 

)H between 7 and 8) secreted from the hepatocytes 

liver. It is either secreted into the duodenum via the 
Jary tree or temporarily stored in gallbladder. 


e, therefore, may be of two types: (a) Liver bile and 
| gallbladder bile. 


llbladder bile is more concentrated due to absorption 
water. 
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fe | ‘s also less alkaline due to reabsorption of HCO,. OH | \ _— 
me (position of the two types of bile is as follows: COOH ott 
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Chenodeoxycholic acid 
2% 11% — 

2 Bile calte 0.5 g% 6.9% Cholic acid YN 

ae tie pigments 0.05 g% 0,3 g% OH 7 YS pea 
be Cholesterol 0.01 g% 0.5 g% COOH 

Be Lecithin 0.05 g% 0.49% : YS / 

a Ne 150 mEq/L 135 mEq/L Lh 7 
' 4 mEq/L 12 mEq/L 46 HO 

. 30 mEq/L 1OmEq/ Deoxycholic acid Lithocholic acid 

PH About 8.0 About 7.0 


Fig. 48.3: Chemical structures of different bile acids. 
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Section 6: The Digestive system 


- Bile acids are 24-carbon structures, 
-Incholic acid, OL radicals are present in 3, 7, and 


12 positions. In chenodeoxyeholic acid, OH- radicals 
are present in 3 and 7 positions, 


». Deoxveholic acid and lithocholic acids are derived 


by removal of OH-radical from 7 position of cholic 
acid and chenodeoxyecholic acid, respectively, 
hus, deoxycholic acid has OU-radicals in 3 and 
12 positions and lithocolic acid has OH-radical in 
3 position. 


*. The relative proportion of the different bile acids 


are: 

¢ Cholic acid—50% 

* Chenodeoxyeholic acid—30% 
@ Deoxveholic acid—15% 

@ Lithocholic acid—5%. 


_ Bile acids become conjugated with glycine or 


taurine to form glycocholic or taurocholic acid. Na 

or k salts of these acids are called bile salts. 

Bile salts have avo main functions: 

a. They have a surface tension lowering action. This 
helps to emulsify the lipids by breaking down 
bigger fat droplets into numerous smaller ones. 
(See also p. 308 for explanation). 

This increases the total surface area of the lipid 

droplets. Thereby the action of the digestive 

enzymes is facilitated. 

b. Formation of micelle (Fig. 48.4): 

2 Bile salts are amphipathic in nature. One 
side of the molecule (the lipid portion) is 
hydrophobic and is insoluble in water. The 
other side containing the hydroxy] radicals is 
hydrophilic in nature. The hydrophobic end 
is lipophilic and is miscible with lipids. This 
peculiar nature of bile salts enables them to 
form micelles. These are a mixture of water- 
insoluble lipids like cholesterol and free 
fatty acids on one hand and amphipathic 
molecules like bile acids and phospholipids 
(like lecithin) on the other. 


Phospholipids 


Bile acid 


| > Hydrophilic 
OH-groups 
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Fig. 48.4: Composition of micelle. 


fmahtewn mad ere 
rts fi 


The water: insoluble cholesters anon 
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The hydrophoblie ends of bile 7 lly, 
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of the micelle, In contrast, their hy dy 
ends are directed towards the : Oh, 
These hydrophilic ends, miscible with ery 
contribute to solubility of the Micelle jy Wate 
Q The formation of micelles enables th, “lp 
be incorporated in water-soluble com ipid, lr 
This has a useful role in their transpon Op, 
absorption. ang 
O ‘the micelles migrate to the epithelj, 
the intestine where they themselve 
absorbed from the lumen. But they het, a 
lipid absorption by maintaining a high Bin 
concentration at the surface of intes 
brush border. They help in this Process 5, 
“ferrying” the water-insoluble lipids acto 
the watery “unstirred layer” adjoining ‘ 
intestinal brush border. Thus, they deposi the 
lipids on the surface of intestinal epitheliur, 
from where the lipids are absorbed. ) 
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Other components of bile are: 
a. Bile pigments: These are produced by degradation 


of hemoglobin. Bilirubin is the main bile pigmen; 
Bilirubin, after being formed by degradation of 
hemoglobin, circulates in blood as bilirubin-albumin 
complex. The hepatocytes take up this bilirubin ang 
albumin is removed. Bilirubin is then conjugated with 
glucuronic acid to form soluble bilirubin mono- or 
diglucuronides. In this form, bilirubin is secreted into 
the bile canaliculi. 

The bile pigments have no useful function. They are 
excretory products. They are responsible for the color 
of bile and the feces. 


. Bile lipids: Cholesterol and the phospholipid lecithin 


belong to this category. Cholesterol takes part in the 
synthesis of bile salts. Bile is the main route of cholesterol 
excretion in the body. 

Phospholipids like lecithin are amphipathic 
substances. They play an important role in micelle 
formation (see above). 


. Bile proteins: These include various enzymes and some 


immunoglobulins like IgA. The latter has protective 
action against foreign microorganisms, e.g. bacter!a o! 
virus. 


. Bicarbonate: This is secreted in liver bile in appreciable 


amounts, As a result, the pH of liver bile is alkaline. But 
the gallbladder reabsorbs bicarbonate actively. $0 the 
gallbladder bile is less alkaline. 
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gsecnertOn oF BILE FROM LIVER 


groadly, bile consists of bile salts, bile pigments, and 

| jectrolytes. Bile salts are synthesized in the liver from 
spotesterol. In addition, part of the bile Salts secreted 
nto the intestine, undergoes enterohepatic circulati on, 
“eit comes back from the But Vid portal veins and 
orurns to the liver, This recirculated bile salts together 
seith the synthesized portion are secreted via the bile 
inte the intestine, 


. pile pigments like bilirubin are formed from degrada- 


Cay 


~ gon of hemoglobin, They are conjugated with gluc- 


jronic acid to form soluble glucuronide salts, These 
are secreted into bile canaliculi which drain into the 
antestine. 

Electrolytes especially bicarbonate contained in the 
pile are secreted mainly in response to the gastrointes- 
snal hormone secretin. 


; The secreted bile flows along the bile canaliculi and bile 


suctules. It drains into the hepatic duct and then into 
-e common hepatic duct. 
Sile secreted into the bile canaliculi of the liver, is 
nicellar mixture of bile acids, phospholipid, and 
olesterol in a 10:3:1 ratio along with water and 
ctrolytes. 
n the bile ductules, HCO; ions are secreted in 
nange of Cl'ions, imparting alkalinity to the ductular 
d. Also, during a meal, water is secreted into the 
‘tules via aquaporin molecules present in the 
-tular epithelium. This makes the fluid in the bile 
-tules more dilute and increases flow of bile during 
ieal. 
in the resting state, the sphincter of Oddi is closed. 
ien pressure in the bile ducts exceeds 7 cm H,0, bile 
‘ers into the gallbladder via the cystic duct. 
4e is concentrated in gallbladder as water and HCO, 
-re reabsorbed from bile. Thus, gallbladder bile con- 
-<ins only 89% water and its pH is about 7. 
In gallbladder, bile acid concentration may increase 
‘o 10-fold or more. This is because the large molecules 
of bile acid cannot be reabsorbed through the tight 


junctions between gallbladder epithelium although 
waler is readily absorbed. 

Another point worth noting is that inside the 
gallbladder, bile acid remains in the form of micelle 
which behaves as a single osmotic particle. This enables 
the bile acids to remain in high concentration inside 
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the micelles. Thia preverits precipitation of cholesterol 
1 SOO exter 

Absorption of water fran bile in the gallbladder leads 
fo volume contraction which promotes further flaw of 
bile into the gallbladder 


6. Finally, when food enters inte the Intestine, contraction 


of gallbladder and relaxation of sphincter of Oddi take 
Place in response to neurohumoral stinmulation (see 
below), 

As a result, bile flows inte the second part of 
duodenum, 


B CONTROL OF BILE SECRETION 


A. Liver bile: 


secretion of liver bile is influenced by 

a. Bile salts: Bile salts reabsorbed from the intestine 
by enterohepatic circulation (see below) further 
stimulate bile secretion from liver. This is called 
“choleretic” action of bile salts. 

Secretion of bile from liver is classed as bile acid- 
dependent flow (BADF) and bile acid-independent 
flow (BAIF). BADF is the flow of bile stimulated by 
reabsorbed bile acids, However, even when there is 
no reabsorption of bile acid from the intestine, e.g. 
in the fasting state, some flow of bile still occurs. 

This is known as bile acid-independent flow 
(BAIF). This consists of a predominantly electrolyte- 
rich secretion stimulated by secretin. 

b. Secretin: Acidic chyme from the stomach, on 
entering into the duodenum, promptly induces 
secretion of secretin. Secretin stimulates flow of bile 
from the liver. This bile is rich in bicarbonate and 
electrolytes. The obvious purpose is neutralization 
of acid in the gut. 


. Gallbladder bile: In the fasting state, the sphincter 


of Oddi remains closed and the gallbladder remains 

distended with stored bile. During meals, the 

gallbladder contracts with simultaneous relaxation of 
sphincter of Oddi. Bile now flows into the intestine. 

Secretion of gallbladder bile is influenced by: 

a. Neural factors: Food in the mouth or even the sight 
or smell of food stimulates secretion of bile from 
gallbladder through neural stimulation. 

b. Hormonal factors: The hormone cholecystokinin- 
pancreozymin (CCK-PZ) is secreted in response to 
digested food products in the intestine. CCK-PZ 
causes active contraction of gallbladder. 

Products of digestion in the intestine stimulate 
secretion of CCK-PZ > CCK-PZ stimulates secretion 
of bile and enzymes. It thus helps in the digestion of 
fats and proteins in the intestine to produce more 
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& choleretic is a substance which Increases secretion ot 


hate Gram the liver. Bile saltis an Important choleretic, 
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ENTEROKEPATIC CIRCULATION (FIG. 48.5) 
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ubstances are secreted from 


1. Bile salts and some other $ 
che liver into the intestine. But they are reabsorbed 


asain from the intesune into the portal blood which 
carmes them back to the liver. 
The liver again secretes them snto the bile. This cyclic 
nf substances between the liver and the 
rerohepatic circulation. 
© salts—bile pigments, vitamin B.., 


and thyraxine are some of the substances 


undergoing enterohepauc circulation. 
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tan _The daily bile acid requirement is 
day whereas the total bile acid present in the 
bady ( hile acid pool) is only 3-4 g. 

Recause of the enterohepatic circulation, which may 
12 times 2 day, the limited amount of bile acid 
circulates again and again. This makes up for the much 
creater requirement of bile acid. 
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Fig. 48.5: Enterohepatic circulation. 
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lipids like cholesterol in solution (se¢ abe 
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This helps 


insoluble 


Bile salts help in the transport and absorption of | ba 
TE 


by forming micelles. 
-soluble vitamir _ 
l ls A, D, E, and K in 


enhanced by bile. 
bile salt-activated lipase and } élp 
LD in 


the digestion of lipids. 


- Bicarbonate in the bile plays an important role ; 
~ $f] 


neutralizing the acid chyme in the duodenum. 


_ Excretion of some drugs, hormone metabolites o¢¢,. 
. ) 


through bile. 


NCTIONS OF LIVER. 


_ Synthetic function: The liver synthesizes many 


important substances. These are: 

a. Plasma albumin, acute phase proteins, steroid. 
binding proteins, lipoproteins, etc. 

b. Many clotting factors, e.g. factors I, II, V, VII, IX, and 
X. 

c. Bile salts and cholesterol. 


Metabolic function: 
a. During absorptive period, glucose and amino acids 


The nutrients in food are converted into glycogen 
and triacylglycerol. These are stored in liver, muscle, 
and adipose tissue. 

b. In the postabsorptive state, glycogenolysis and 
gluconeogenesis take place in the liver. Thus, 
glucose is produced from glycogen and other 
substances. 

c. The liver breaks down fatty acids into ketone bodies 
during fasting. 

d. As a result of amino acid metabolism, urea 1s 
produced by the liver. 


. Excretory function: 


a. Bile pigments are excreted into the bile. 

b. The liver excretes many trace elements through bile. 
It also metabolizes many endogenous and foreign 
substances before excreting them via the bile. 

c. The senile red cells are degraded by Kupfter cells. 


. Endocrine function: 


a. Insulin-like growth factor (IGF)-I is secreted from 
the liver in response to growth hormone. 

b. ———— of vitamin D, takes place in the 
iver. . 
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| qhyroxine is converted into tri lodothy 

. he liver. 

J. Different hormones are metabolized in the 

¢. \ngiotensinogen, which is the pre 
angiotensin, is secreted from the liver. 

pigestive function: | 

,. The liver secretes bile acids, which are 
digestion and absorption of lipids, 

» Ie secretes bicarbonate-rich bile, which he 
neutralizing the acidic gastric chyme, 


ronine (TP) in 


liver. 
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 poaunoice 


> Jaundice is a clinical condition characterized by 
vellowish discoloration of the skin and mucous 
membrane along with serum bilirubin level in excess 
of 2 mg/dL. 

Normal serum bilirubin level is between 0.2 mg/dL and 
0.8 mg/dL. 

\vhen serum bilirubin level is between 0.8 mg/dL and 
> mg/dL, the condition is known as latent jaundice. 

. Joundice can be classified into three main types: (A) 

Hemolytic, (B) obstructive, and (C) hepatic. 


“e 


“ 


wemolytic Jaundice 


~-molytic jaundice is caused due to excessive 
nolysis, e.g. mismatched transfusion, hereditary 
erocytosis, malaria, etc. 
sese conditions, bilirubin is produced in much 
‘er quantities than the liver can handle. Bilirubin 
-fore accumulates in the blood in larger than usual 
itities, forming a complex with albumin. This 
ins the jaundice. 
irubin-albumin complex has a large size, it cannot 
‘ered into the urine. 
ever, the hepatic output of conjugated bilirubin 
the intestine is higher than normal. Since, this 
snverted into urobilinogen and stercobilinogen, 
unts of excreted urobilinogen and stercobilinogen 
also high. So, both urine and stool darken on 
sure to air due to production of urobilin and 
‘cobilin, respectively. 
Aras ; 
~Vostructive Jaundice 


!. Obstructive jaundice occurs due to obstruction of the 
common hepatic duct or common bile duct, e.g. by a 
lone inside the duct. Obstruction may also be caused 
by 4 growth compressing the duct from outside. 

- Here, the bilirubin presented to the liver is conj ugated 
properly. But, as the conjugated bilirubin cannot pass 
into the intestine due to obstruction, it back flows into 
the blood. 


™m 
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4. The soluble conjugated bilirubin circulating in blood, 
can easily pase through the glomerular filter. 99, the 
urine due (o its high bilirubin content is colored deep 
yellow, 

4. However, as no conjugated bilirubin enters into the 
Intestine, urobilinogen and stercobilinogen are not 
formed atall. The stool is, therefore, white (clay-colored) 
and the urine is completely free of urobilinogen. 

As no bile enters into the intestine, fat digestion is 
defective for want of bile salts. This leads to steatorrhea 
(excess amount of undigested fat in stool). 

6. Absorption of fat as well as fat-soluble vitamins A, 
D, E, and K does not take place properly. Vitarnin K 
deficiency can cause coagulation disorders as activation 
of vitamin K-dependent clotting factors is hampered. 


Ut 


Note: The above examples of obstructive jaundice fall 
under the category of extrahepatic cholestasis. Here, the 
site of obstruction is outside the liver. There is another 
group of obstructive jaundice called intrahepatic 
cholestasis where the site of obstruction or stasis is inside 
the liver. Causes of intrahepatic cholestasis include 
alcoholic hepatitis, drugs, primary biliary cirrhosis, etc. 


patic Jaundice 


1. The function of hepatocyte is uptake, conjugation, and 
excretion of bilirubin. 

2. When there is defect in uptake or in conjugation, 
the bilirubin remains in an unconjugated state. The 
jaundice that develops is of unconjugated type (similar 
to hemolytic jaundice). 

Examples of such defective conjugation include 
Gilbert’s syndrome, Crigler-Najjar syndrome type 
II, and Crigler-Najjar syndrome type I. These show 
mild, moderate, and severe degrees of glucurony! 
transferase deficiency, respectively. All of these are 
hereditary conditions presenting with unconjugated 
hyperbilirubinemia. 

3. On the other hand, when the defect is in excretion 
of bilirubin, the bilirubin is conjugated. Here, the 
jaundice is of predominantly conjugated type (similar 
to obstructive jaundice). 

Two examples of hereditary defect in excretion 
of bilirubin are Dubin-Johnson syndrome and 
Rotor’s syndrome. They present with predominantly 
conjugated hyperbilirubinemia. 

4, Hepatocellular jaundice is very often of mixed type. This 
is because, in hepatocellular jaundice, there are defects 
in multiple components of bilirubin metabolism, i.e. 
uptake, conjugation and excretion of bilirubin. This 
results in a mixture of conjugated and unconjugated 
hyperbilirubinemia. 
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In hepatocellular jaundice like viral hepatitis, there ts 


wo added factor of obstruction in bile canaliculi within 
the liver due to swelling of hepatocytes. 


(his blocks the passage of conjugated bilirubin ato 


the intestine and it is another cause of conjugated 
hyperdilirubinemia, 


\__ ABVAN DEN BERGH REACTION 


A 


“ss 


hen 


\useful test to differentiate between the three types of 


Wundice is Van den Bergh test, 


In obstructive jaundice, the water-soluble bilirubin 


glucuronide produces an instant reddish-violet color 
with the diazo reagent (a mixture of sulfanilic acid, 
HCl, and sodium nitrite). This is known as the direct 
reaction. 


In hemolytic jaundice, the color develops only after 


addition of alcohol. This is the indirect reaction. 


. Inhepatic jaundice, an atypical color may develop and 


the reaction is biphasic. 


B PHYSIOLOGICAL JAUNDICE 


i, 


a 





This is found in the newborn especially in the premature 
infants. 


’. Jaundice develops on the 2nd or 3rd day after birth and 


clears within a week. 


3. This jaundice is most probably due to low levels of 


glucuronyl transferase in the affected infants. This 
causes failure of bilirubin conjugation. 


. The increased level of hemolysis in early infancy seems 


to be an additional factor but this is controversial. 


. Phototherapy (exposure of the infant to bright white 


or blue light) transforms bilirubin to soluble isomers 


which are excreted through bile without the need of 


conjugation. 
Hence, this process helps in clearing of jaundice, 


particularly in neonates. Another suggested form of 


treatment is administration of metalloporphyrins. 
These compounds inhibit heme oxygenase and thereby 
they prevent bilirubin synthesis from heme. 


i DIFFERENCE BETWEEN HEMOLYTIC AND 
OBSTRUCTIVE JAUNDICE 


See Table 48.1]. 


Wf LIVER FUNCTION TESTS 


L, 


2. 


Only 20% of liver tissue can carry out the normal 
function of the whole liver. 
So, even after considerable damage to liver tissue, liver 


function tests may be normal. 


Table 40,1) Comparlion between hemolytle and obstructing 


laundice 


Hemolyticjaundice 


\, 


2, 





Obstructive jaundice 
Rtlalogy 

Excessive hemolysis leacts 
to Increased production 
of unconjugated billrubin 
which circulates as 
billrubin-albumin complex 


Van den Bergh test 
Indirect positive 


Coagulation disorder 
Not present 


This type of Jaundice 5 diye 

to obstruction In the biliar 
channels leading to backflay 
conjugated bilirubin ints blood 


Direct positive 


Present, due to lack of fat-soluble 
vitamin K and activated Vitarnin 
K-dependent clotting factors 
(Fat absorption Is impaired dup 
tolack of bile whichis prevented 
from entering the gut due to 
obstruction In the bile duct. Thi: 
also hampers absorption of far 
soluble vitamins like vitamin K) 


Urine 

Normal color; darkens . 
on standing because 
urobilinogen, present In 
large amounts in urine, Is 
converted to urobilin 


Stool 
Dark color due to excess 
presence of stercobilin 


Orange-yellow color due to 
presence of conjugated bilirubin: 
No urobilinogen in urine 


Pale, clay-colored stool due to 
total absence of bile pigments. 
Presence of undigested fat (due 
to lack of bile in intestine) leads 
to steatorrhea 


3. In other words, abnormal liver function tests usually 


indicate extensive damage. 

There are many types of liver function tests. Some 
of the widely used liver function tests are mentioned 
below: 

a. Serum bilirubin: Normal serum bilirubin, as 
already mentioned, lies between 0.2 mg/dL and 
0.8 mg/dL. Serum bilirubin in excess of 2 mg/dL 
indicates clinical jaundice. 

b. Urinary bilirubin: Presence of deep-yellow soluble 
bilirubin (bilirubin glucuronide) in urine indicates 
presence of obstructive jaundice. 

Again, absence of bilirubin in urine in presence 
of jaundice indicates presence of unconjugated (e8 
hemolytic) jaundice, 

c. Urinary urobilinogen: Complete absence ° 
urinary urobilinogen is suggestive of obstructive 
jaundice. 

In contrast, in hemolytic jaundice, urinaly 
urobilinogen is much above normal. 
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; Serum proteins: In liver disease, serum albumin 

ig decreased due to defective synthesis, Ag 
eynthesis of globulin occurs only partly in the 
jiver, serum globulin is not much decreased. So, 
alpuminiglobulin ratio (normal 1,7:1) is reversed in 
liver disease. 

7 Thymol turbidity test: This is a turbidity test 
dependent upon the normal albumin:globulin 
-atio. In abnormal liver function, the A:G ratio is 
abnormal and thymol turbidity test is positive, 

‘ promsulfalein excretion test: 5 mg/kg of the dye 

promsulfalein is injected intravenously into the 

subject. A normal liver usually excretes 95% of 
the dye in 45 minutes. If more than 10-15% of the 
dve remains in the body after 45 minutes, liver 
function is abnormal. 
Serum enzymes: Estimation of3 enzymes—alkaline 
phosphatase, ALT (alanine aminotransferase), and 
AST (aspartate aminotransferase )—gives important 
information about liver function. 

Alkaline phosphatase (normal level 8-13 KA unit) 
is increased in obstructive jaundice. 

Alanine aminotransferase and AST show marked 
increase in hepatocellular jaundice. (Normal levels 
of AST and ALT are below 40 IU/mL). 

Oral cholecystography: Oral tablets ofaradiopaque 

dye (iopanoic acid) are ingested by the patient 
on the night before. Next morning, X-ray of the 
liver and gallbladder shows the concentrated dye 
outlining the shape of the gallbladder (in normally 
functioning liver and gallbladder). 

Absence of the gallbladder shadow usually 
indicates nonfunctioning gallbladder. 

Presence of any radiolucent gallstones can be 

detected as filling defects. A fatty meal given to 
the patient reveals the contractile function of the 
gallbladder. 
Glucose and galactose tolerance test: Since 
the liver acts as a glucostat and is responsible for 
maintaining the blood glucose at a constant level, 
glucose tolerance test is abnormal in abnormal 
liver function. Also, galactose is metabolized in 
liver and there is no rise in blood galactose level 
after ingestion in a normal liver. But, in abnormal 
liver function, galactose is no longer metabolized 
in liver and its level in blood rises. 


|. Ultrasonography ofliver and gallbladder, liver scan, 
and percutaneous transhepatle cholanglography are 
among many sophisticated liver function tests used 
to assess liver function. 






ALLSTONES 


|. Gallstones are formed in the gallbladder, usually Mm 
elderly, obese ladies but it is also found in elderly men. 
(The predisposing factors are described as five words 
beginning with “f" ie. fat, forty, flatulent, fertile, and 
female (fair).| 

2. The three main predisposing factors for the formation 

of gallstones are: 

a. Stasis of bile in the gallbladder. 

b. Hypersaturation of bile with cholesterol. Actually, 
when the ratio of cholesterol, bile salt, and lecithin 
exceeds a critical limit of solubility, cholesterol gets 
precipitated (Fig. 48.6). 

c. Infection of gallbladder promotes formation 
of gallstones. The dead bacteria and debris of 
inflammation serve as the nuclei of gallstones. That 
is why gallstones are often called “ tomb stones” of 
bacteria. 
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Bile salt (%) 


Fig. 48.6: Solubility of cholesterol. It depends on concentration 
of bile salt and lecithin. Only when the point (shown as O in 
the diagram) denoting concentration of bile salt, lecithin, and 
cholesterol, remains within the shaded portion, cholesterol 
remains soluble (schematic). 
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§ INTRODUCTION 


1. 


2 


_ Small intestine is mainly c 


in the small intestine, chyme mixes with bile, pancreatic 


juice, and succus entericus. 


Two liters of fluid from diet an 
(GI) secretion add to form the daily input of 9 L of 


duid to the small intestine. Out of this, only about 
200 mL pass in the feces. Of the remaining 8.8 L that 
is absorbed, about 7.5 L are absorbed in the small 
intestine and the rest in the colon (large intestine). 

(The 7 L of GI secretions comprise 1.5 L of saliva, 2.5L 
of gastric secretion, 500 mL of bile, 1.5 L of pancreatic 


secretion, and | L of small intestinal secretion.) 
oncerned with the digestion 
tures of 


d7 liters of gastrointestinal 


and absorption of food. The important fea 
small intestine include crypts of Lieberkiihn, villi, and 


Brunner’s glands. 


§ BRUNNER'S GLANDS 


l. 


2 


These are long coiled tubes present in the duodenum, 


extending into the submucous coat. 
They secrete strongly alkaline, viscid, and mucus-rich 
fluid suitable for neutralizing HCL. 


§ CRYPTS OF LIEBERKUHN 


). 


2 


We 


s 


These are simple tubular glands opening into the lumen 


of the small intestine. 
They are lined by columnar epithelium. 
They are present in the depressions between the 


intestinal villi. 


4 The undifferentiated cells in the crypts of Lieberkiihn 


give rise to the enterocytes of the villi by mitosis. 


4. The external surfac 


6. Valvulae conniventes 


Small Intestin, 


Vil 


The villi are finger-like projections present through; 
the small intestine, but they are more abundant in ;:. 


jejunum than in ileum. 


i 


9. The villi have a length of 0.5-1 mm. 


About 20-40 villi are present per squate millimeter - 


mucosa. 
e of the villi is lined by a layer: 


columnar cells called enterocytes. 
Microvilli with a covering of glycocalyx are present 0: 
the luminal border of enterocytes forming the bru: 
border. The brush border contains various digesty: 
enzymes, e.g. disaccharidases, peptidases, etc. 
(valve-like folds in the wall ©: 
small intestine), villi, and microvilli increase the tot 
surface area of the intestinal mucosa threefold, 10-foi 
and 20-fold, respectively. Together, they cause 600-f0. 
increase in surface area. 


§ CORE OF THE VILLUS 


L The villus contains within it a centrally locate: 
lymphatic channel called the lacteal. Blood vess** 
supported by smooth muscle and connective tissue 
also present. 

2. The central lacteal has a distal dilated end. Trighyees 
with long-chain fatty acids are transported through” 
lacteal as chylomicrons. 

3. Capillary loops are present on either side of the cen” 
lacteal. Monosaccharides, amino acids, 4° | . 
chain fatty acids are absorbed through the capillans* 

4 During reduced intestinal blood flow, oxygen 
arterial side mostly passes to the venous side e 





vistal yortion of the villus which suffers from 
» dis 
che § 


This shortens the lifespan of enterocytes 

‘i : . . ' 

nes vebillion cells are shed from intestinal epithelium 
uth 


h 
, ya y accounting for a daily output of about 39 g of 
ser ¢ al 


yER CELLS IN SMALL INTESTINE 
aT 


i cells—They secrete noun 

h cells—They are large acidophilic cells with 

1, aa tion. 
nae afin cells—They secrete serotonin. 

A pnteroc recursor uptake and decarboxylation 

: Any) cells —These are endocrine cells of the gut 

os secrete amines in addition to hormones like 

" rin, secretin, cholecystokinin -pancreozymin (CCK. 
a motilin, etc. 

- y cells or microfold cells—These are epithelial 

5 es lying over lymphoid tissue in Peyer’s patches. 
they are involved in producing immunoglobulin e 
fek)-ene diated secretory immunity in response to 
aa gens encountered. (Peyer S patches are examples 
nf aggregated lymphoid tissue.) 


l. 
) panet 


ipcaTANT CONSTITUENTS OF SUCCUS ENTERICUS AND 
rue? FUNCTION 


see 
ee 


| Bi bonate—This helps in neutralizing acidic gastric | 
c’ _». Thus, itmaintains a suitable alkaline pH for the | 
a. of enzymes in small intestine. | 
2M —Itforms a protective coating over mucosa and | 
p s it from injury. | 
if >kinase—It converts trypsinogen to trypsin. 
I 1 converts pancreatic proteolytic proenzymes | 
( -e enzymes. | 
45: es—Succus entericus does not contain enzymes | 
pe -. Enzymes are actually present in the cell | 
m_rane of the mucosal epithelium. Admixture of 
ex ed epithelial cells in succus entericus leads to | 
ap cnt presence of enzymes in it. | 
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| REGULATION OF secretion 


|. Local irritation of the mucous membrane triggers cal 
neurally mediated enteric reflexes, which increase 
secretion 


2. Hormones like secretin also play a minor role. 


MECHANISM OF WATER AND ELECTROLYTE SECRETION I¢ 
CRYPTS OF LIEBERKIHN 


|. Cl is actively taken up from the basal surface of the crypt 
cells by Na*-K*-2 C} transporter. The energy is derived 
from electrochemical potential difference of Na* caused 
by Na’-K"-ATPase pump at the basolateral membrane. 

- Cl leaves the ceil at the luminal membrane through an 
electrogenic Cl--channel. Na‘ follows Cl ion driven by 
luminal electronegativity, which is caused by Ci exit. 
Water moves out following the exit of CI and Na“ ions 
due to osmotic effect. 

. Cyclic adenosine monophosphate (cAMP) increases the 
open time of luminal Cl--channels. Thus. prostag I 
VIP, etc. which increase cAMP. increases Cl exit and its 
net secretion from crypts. 

- Cholera toxin binds to receptors on crypt cells and 
irreversibly activates adenylyl cyclase. This leads to 
Persistent increase in cAMP and keeps Cl -channels 
Continuously open. Cl ions leave the cell continuousiy. 
followed by Na’ ions and water. This causes severe 
diarrhea. 

. Guanylin, a GI hormone secreted from ileum and 
colon, activates the enzyme guanylyl cvclase which 
breaks down guanosine triphosphate (GTP) into cyclic 
guanosine monophosphate (cGMP). This cGMP then 
causes Cl secretion from intestinal epithelial cells. 

At the same time, Na” absorption from the humen is 
inhibited. Thus, salt and water excretion from intestinal 
epithelial cells is enhanced. 

Traveler's diarrhea is a condition where enterotoxins 
liberated from bacteria act in a fashion similar to gua- 
nylin and cause diarrhea by increasing salt and water 
excretion. 
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Movements of th. 
Gastrointestinal Trac, 
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\_GPAASAL ELECTRIC RHYTHM [FIG. 50.1] 


i. The resting membrane potential of the smooth muscle 
cells in most of the gastrointestinal tract shows a 
spontaneous fluctuation between -65 mV and -45 mV 
(esophagus and upper part of the stomach are excep- 
uons). This is known as basal electric rhythm. 

2. Pacemaker cells called interstitial cells of Cajal present 
in the gut wall are probably responsible for generating 
this rhythm. In the stomach and small intestine, the 
interstitial cells of Cajal are present in the outer part 
of circular muscle layer, in close proximity to the 
myenteric plexus. In the colon, they are present near 
the Meissner’s plexus in the submucosal border of the 
circular muscle. 

- Fluctuations in basal electric rhythm themselves do not 
lead to contractile response. However, spike potentials 


arising from the BER (basal electric rhythm) may cause 
contraction. 


4, Entry of Ca" ions causes the depolarization Dhase oy 
spike potential, whereas repolarization is causeq by k: 
exit. 



















BER (Important Facts) 


” 


[tis the fluctuating RMP of intestinal smooth muscles 
between -65 mV and -45 mV 
* Interstitial cells of Cajal (pacemaker cells) generate 
this rhythm 
* It itself does not cause contraction. Superimposed 
spike potentials cause contraction 
* Depolarization phase caused by Ca* entry; 
repolarization phase caused by K* exit 
\ Acetylcholine increases while epinephrine decreases 
frequency of spike potentials 
* Frequency 4/min in stomach; 12/min in duodenum 
(highest); 8-9/min in ileum; and 16/min in sigmoid 
colon 


Ww 





5. Some chemical substances increase or decrease the 
number of spike potentials, For example, acetylcholine 
increases the number of spike potentials leading to 
muscle contraction. On the other hand, epinephrine 
decreases the frequency of spike potentials causing 
relaxation. 

- The frequency of BER varies from place to place in the 
gastrointestinal tract. The frequency is 4/min in the 
stomach, 12/min in the duodenum, 8-9/min in the 

Dida and cecum, and 16/min in the sigmoid colon. 


Spike potentials 
superimposed on BER 


/ \ 
Recording ih ‘ 
of electrical . 
activity \ 
of om : / \ 
tension \ J ~ 


Fig. 50,1: Basal electric rhythm and corresponding mechanical 
response, 


GRATING MOTOR COMPLEX 


1, When the stomach and small intestine are empty: ® 
special type of cyclical contraction takes place, which 
is called migrating motor complex (MMC). 








Chapter 50: 


neat the lower end of the stomach and sweeps 


as {S . . . ‘ 
1 Stal he intestine ata rate OF cm/min up to the 
ywn 


a in ‘ ‘ : ; 
port povenents occur at an interval of about 909 
» the! 


piNUles: se movements has four distinc 
sycle of MO’ ements has tour distinct phases, 


, “he > 7 an ' ’ 
pat nase I, the quiescent phase, there is minimal 


4 INP tivity in the intesti 
a : ema or motor activity in the intestinal smooth 
en 


Yo 


- = 


muscle. . s ‘ ’ 
in phase IL electrical and mechanical activities in 
b. ; 


he intestinal smooth muscle increase irregularly, 
~ nphase II, the electrical and mechanical activities 
: become maximal and regular 
qn phase IV, the activity dies down and this phase 
merges with phase I. | 
- Roth neural and humoral mechanisms have been 
° ulated to explain the cause of the movement. 
. . proposed neural mechanism suggests that the 
movement is vagally mediated. However, experiments 
»y cooling the exposed vagus, which blocks the vagal 
pulses, failed to demonstrate any effect on MMC in 
‘ye gastrointestinal tract except in the stomach. 
: A ye other hand, experimental evidences favor the 
~, chle role of motilin in causing the MMC. 


; MMC (Important Facts) 


ated cyclical contraction in empty stomach and 
intestine 
ited every 90 minutes 
at lower end of stomach and ends at terminal 


- 


yt 


$ 


{ progression—5 cm/min 
ical and mechanical activity gradually becomes 
prominent in phase III (4 phases) 
aced by motilin 
‘ions: 
® .eeps away remnants of food and digested 
oducts 
® —.eeps back bacteria coming from colon 
» creases blood flow and secretion of digestive 
|UICeS 


5. The presumed functions of MMC are: 
a. Sweeping the intestine clean of remnants of food 
and digested products. 
b, Sweeping back any bacteria ascending into the 
small intestine from the colon. 
“ Causing increase in blood flow, bile secretion, and 
o a of pancreatic juice. 
MCs stop as soon as food enters into the stomach 


and intestine and BER and peristaltic waves are 
sumed normally, 





Movements of the Gastrointestinal Tract 


B MASTICATION 


|, Food taken in the mouth fs first chewed oF masticated. 
‘The purpose of mastication ts to: . 
a. Break the food into smaller fragments. This 

increases the surface area of the food for the action 
of digestive enzymes. 

b. To get rid of the undigestible cellulose coverings of 
vegetable food and expose the digestible portion of 
food, 

c. To mix the food intimately with saliva so that 
subsequent swallowing becomes easier. 

d. To increase the flow of saliva. 

2. Mastication is performed by the muscles of mastication, 
e.g. the masseter, the temporalis, and the medial and 
lateral pterygoids. 

3. Mastication can be done both voluntarily and reflexly. 
The centers of the reflex lie in the cerebral cortex, 
amygdala, and medulla. 

ee al 


f DEGLUTITION 


By this process, food is transferred from the mouth cavity 
into the stomach. It can be divided into three phases—(a) 
buccal phase, (b) pharyngeal phase, and (c) esophageal 
phase. 


Buccal Phase 


1. This phase is voluntary. In this phase, food is made into 
a “bolus” on the dorsum of the tongue. 

2. The soft palate is pushed upwards and backwards while 
the posterior pharyngeal wall moves forwards. Thus, 
they become apposed to each other to shut off the 
nasopharynx from the oropharynx. 

3. The bolus is pressed by the tongue against the hard 
palate. This forces the food into the pharynx. 


Pharyngeal Phase 


1. In this phase, the epiglottis is pushed back by the food 
entering into the pharynx. The epiglottis now lies in a 
transverse plane covering the laryngeal opening. 

2. The laryngeal opening is closed by the apposition of the 
vocal cords. At the same time, the larynx is lifted up by 
the contraction of pharyngeal muscles. 

3. The respiration is stopped. 

4, The upper esophageal sphincter undergoes relaxation. 
Food now enters into the upper part of the esophagus, 
propelled by contraction of the superior constrictor 
muscle of the pharynx. 


Esophageal Phase 


1. As the food bolus reaches the upper part of the 
esophagus, the upper esophageal sphincter contracts. 
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2. A peristaltic wave is initiated which, aided by gravity 
in the upright posture, may send the bolus into the 
stomach, This is known as the primary peristaltic wave. 

. However, when the primary peristaltic wave fails 
to transfer the bolus into the stomach, secondary 
peristaltic wave is initiated by the stretch on the 
esophageal wall by the bolus, The bolus is now finally 
pushed into the stomach, 

4. The lower end of the esophagus, like the upper end, 
is guarded by a sphincter called lower esophageal 
sphincter, Cis composed of three groups of muscle 
fibers: 

a. Smooth muscles of the esophagus. 
b. Crural fibers of the diaphragm. 
¢. Oblique muscle fibers of the stomach, which act like 

a flap valve. It prevents backflow of gastric contents. 

>. tis 2-6 em long and is under neural and humoral 
control. It remains tonically contracted so that the 
intraluminal pressure at this site rises to 30 mm Hg. The 
sphincter relaxes at the advent of a peristaltic wave and 
lood passes through it into the stomach. 

6. Factors relaxing the LOS (lower esophageal sphincter): 
a. Parasympathetic (vagal) discharge which relaxes 

circular muscle layer. 

b. VIP and NO, secreted by the intrinsic nerve endings. 

. actors keeping the LOS contracted and preventing 
gastroesophageal reflux, are: 

a. Sympathetic stimulation. 

b. Gastrin in large doses. 

c. Flap valve action of oblique muscle fibers of 
stomach. 

d. Crural fibers of the diaphragm surrounding the 
lower end of esophagus, also play an important role 
(pinch-cock effect) in preventing gastroesophageal 
reflux. 

8. Although initiated voluntarily, deglutition involves 
a series of well-coordinated reflex activities for the 
smooth operation of the process. 

The center of the reflexes lies near the respiratory 
center in the brainstem. Afferents are carried by the 5th, 
9th, and 10th nerves while the efferents pass along 5th, 
7th, and 12th nerves. 


WACAALASIA CARDIA 


1. In this condition, the intrinsic nerves in the lower 
esophageal! sphincter are defective with decreased 
release of VIP and NO. Asa result, the sphincter cannot 
relax properly. This leads to dysphagia. 

2. The esophagus proximal to the obstructed lower end 
becomes dilated. So, it is called megaesophagus. 

3. The condition is treated by surgical disruption of the 
muscle fibers in the sphincter. 
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4, Injection of botulinum toxin, which Inhibit, 
A ‘ 
line release, is also beneficial. Cette 


§ GASTROESOPHAGEAL REFLUX 


1. Normally, regurgitation of gastric COMteEnts | 
esophagus is prevented by contractioy of at th, 
esophageal sphincter. E Invy, 

2. But, in gastroesophageal reflux, the lower ScD 
sphincter becomes incompetent. So, gastric - 
containing acid and pepsin in appreciable “ ten, 
regurgitate into the lower end of the es¢ 

3. As this area is not acid-resistant, ulcerat 
Acid in the esophagus may lead to heq 
often resembles cardiac pain. 

4. Treatment is elevation of the head-end of the pation, 
bed. By this, gravity prevents reflux of gastri¢ COritee, 
into the esophagus. _ 

In resistant cases, potent acid-inhibiting Agents «, 
omeprazole are indicated. oe 

Surgically, this condition can be treated by “fy, 
doplication” In this procedure, the lower part ota 
esophagus is wrapped around by a part of the fund): 
of the stomach. 
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| MOVEMENTS OF STOMACH 


Movements of stomach have three aspects: 

a. The fundus and body of the stomach show very little 
movement and this part of the stomach acts as reseryoir 
of food. 

b. The antral part of the stomach helps in mixing the 
food with digestive juice and breaks down larger food 
particles. 

c. The pylorus performs well-regulated gastric emptying 

Movements of stomach may be discussed under 
three headings. 


Receptive Relaxation 


1. As food enters into the stomach from esophagus, the 
fundus and body of stomach relax appreciably. So, 4 
large amount of food is accommodated in the stomach 
without any rise of intragastric pressure. This is known as 
receptive relaxation. This can be explained by Laplace's 
law (P = 2T/R in a thin-walled spherical viscus like the 
stomach, where P = transgastric or intragastric pressure 
T = wall tension and R = radius of the stomach). Here, 
entry of food into the stomach increases wall tension 
(T) but radius (R) also increases proportionately due 
to receptive relaxation. So, intragastric or transgastc 
pressure (P) remains unaltered. 

2. This is made possible by the operation of a vagovaga 
reflex (afferent impulses due to gastric distension and 
efferent signals-both are carried by vagal fibers). 
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_ peristalsis and Slow Waves 


rf 
| - wp isven little movement in the upper half of the 
, Heres 
han 
rit todensity, | 
gant rast in the lower half of the stomach, peristaltic 
7 pti occur frequently. These movements start 
ddle of the body and progress towards 
They gradually become stronger as they 
S woah the pyloric end. The strong antral contractions 
nel? a mixing the tood with digestive juice. 
_ phe peristaltic waves in the stomach are caused by 
: agsttic SLOW WAVES. These originate from a pacemaker 
“agian jocated at the greater curvature near the middle 
vebodv of the stomach. 
c oe gastric slow waves are generated at the rate 
63 min. These slow waves resemble cardiac action 
aorential in shape. However, their duration is ten times 
sat of cardiac action potential. 
- 'n the antrum, where contractions are vigorous, the 
~ -teau phase in the slow wave shows multiple spikes 
* sction potential. 
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he pylorus. 


ce -mptying 
sastric peristaltic wave accelerates towards the 
-;sin such a manner that the peristaltic contraction 
- pyloric region is followed almost immediately by 
re of pyloric sphincter. 
's allows squirting of only a little amount of 
- chyme into the duodenum at a time. The antral 
nts vigorously turn back from the closed pylorus, a 
ment called retropulsion. The forward propulsion 
‘tric contents together with retropulsion vigorously 
s the food and breaks down large food particles 
smaller ones. 
- ric emptying is a nicely balanced process. Rate of 
ric emptying should be such that the acidic gastric 
“tents should not damage the duodenal mucosa 
sud produce duodenal ulcer. On the other hand, 
2<stroduodenal junction should prevent backflow of 
cuodenal contents into the gastric cavity. Regurgitation 
o! bile may lead to gastric ulcer. 
->ympathetic postganglionic nerves innervating the 
Pylorus help in constriction of pyloric sphincter. Vagal 
nbers have dual role. Acetylcholine-secreting fibers 
“onstrict the pyloric sphincter whereas VIP-secreting 
fibers relax the sphincter. 
A number of hormones, e.g. cholecystokinin, GIP, 
*ecretin, and somatostatin inhibit gastric emptying. 
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nild he noted that the neurotransmitter al the 
pending is VIP which relaxes the gastric | 
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d the ingested food separates into layers \, GEFACTORS INFLUENCING GASTRIC EMPTYING 
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aces Movements of the Gastrointestinal Tract 


lhe role of cholecystokinin is considered most 
important. This is because it constricts pyloric aphinctet 
in physiologic concentration required for its other 
function of gallbladder contraction, 

Note that gastrin stimulates gastric emptying, 


1, Osmolarity of the duodenal contents 

a. There are osmoreceptors in the wall of the duodenum 
and jejunum, They can sense the osmolarity of 
the duodenal contents and they change in size 
accordingly due to passage of water along the 
osmotic gradient. 

b. They swell to a bigger size when osmolarity is low. 
Conversely, they shrink to a smaller size when 
osmolarity is high. 

c. This change in size triggers a neural or humoral re- 
sponse which ultimately regulates gastric emptying. 

d. When the osmolarity in duodenum and jejunum 
is high, gastric emptying is diminished. On the 
other hand, gastric emptying is enhanced when 
osmolarity at these sites is low. 

e. This effect of osmolarity on gastric emptying pre- 
vents excessive rise of intraduodenal osmolarity 
which will cause influx of fluid into the duodenum 
causing too much distension. Also, due to absorp- 
tion of fluid from plasma, hypotension may Occur. 

2. pH of the duodenal contents: When the acidity of the 
duodenal contents becomes high, gastric emptying 
is inhibited. This is probably mediated by neural 
mechanism through the vagus or hormonal agent 
which is secretin. Inhibition of gastric emptying 
prevents further entry of acidic gastric chyme. This 
decreases fall in pH. This again is important as a fall in 
pH with increased acidity will damage the duodenal 
wall. 

3. Excess of lipids in the chyme entering in the intestine 
delays gastric emptying. This was previously thought 
to be mediated by a hormone called enterogastrone. 
However, despite intensive search, enterogastrone 
could not be isolated. It is now believed that CCK-PZ 
is the humoral agent, which causes the lipid-induced 
delayed emptying. A neural mechanism may also be 
present. 


The ability of lipids to inhibit gastric emptying is utilized 
by alcoholics to delay intoxication. Thus, alcoholics ingest 
fat before taking alcohol. As gastric emptying is slow and 
delayed, the absorption of alcohol in the intestine is slow, 
So, the plasma alcohol level remains low enough for the 
alcoholic to avoid the embarrassing manifestations of 
intoxication in spite of drinking. 
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4. Volume of the mnel: Gastric enpiving depends on the 
volume of the meal. Gastric emptying takes a longer 
time in case of a large meal. 

5. Role of the vagus: Vagal stimulation is associated with 
increased parasympathetic activity which hastens 
gastric emptying. That is why, in vagotomy, gastric stasis 
occurs, requiring a drainage procedure like pyloroplasty 
or gastrojejunostomy. 

. Emotion: Gastric emptying is quicker in excitement but 
it is delayed in fear. 

’. Distension of the duodenum: When the duodenum 

becomes distended by its contents, gastric emptying 
is inhibited. 
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Enterogastric Reflex 


Various factors such as: 
a. Hyperosmolarity of duodenal contents. 
b. Low pH of duodenal contents. 
c. Duodenal distension. 
d. Presence of products of protein or fat breakdown—All 
activate a neural reflex called enterogastric reflex. 

This enterogastric reflex inhibits gastric emptying 
by closing the pyloric sphincter. Thus, it prevents 
any undue rise in intraduodenal osmolarity, acidity, 
distension or accumulation of breakdown products of 


nutrients. 


§ VOMITING 


1. It is the expulsion of contents of the upper gut through 
the mouth. | 
2. It occurs due to causes of diverse etiology, e.g. preg- 
nancy, motion sickness, gastrointestinal infections, 
appendicitis, cholecystitis, etc. 
The vomiting process is coordinated by the vomiting 
center, which lies close to the center for salivation 
(this explains profuse salivation at the onset of 
vomiting). Stimulation of a special area known as the 
chemoreceptor trigger zone (CTZ) in the medulla also 
Causes vomiting. 


Factors influencing Gastric Emptying (Summary) 


“ Osmolarity of duodenal contents: High osmolarity 
delays emptying and vice versa 

* pH of duodenal contents: Low pH inhibits emptying 
and vice versa (Neural and humoral mechanism) 

* Excess of lipids in the chyme delays gastric emptying: 

Probably mediated by CCK-PZ 

Volume of the meal: Larger volume prolongs emptying 

Vagal role: Stimulates emptying 

Emotion 

Duodenal distension: Inhibits emptying 
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A, Vomiting may ig laduced by: 

a. Drugs like apomorphine which SUM Ulate. 
Uremia and radiation sickness also cate 
via CTZ. 

Afferent impulses from vestibular nucle; alge 
cause vomiting. They mediate vomiting 
sickness. 

c. Afferent impulses from viscera stimulate Vomit, 
center via NTS. That is how vomiting js inducer 
visceral diseases, €.g. appendicitis, cholec CY sti | 
myocardial infarction, etc. ™ 

5. Conversely, antiemetics prevent vomiting by j nhibje te 

CTZ. 5-HT, and D, receptor blockers, e.g. Ondanser, 

chlorpromazine, etc. are potent antiemetic agents «, 

it is evident that these receptors play an important ;,) 
in vomiting. 

[Corticosteroids or cannabinoids in addition ;, 
5-HT, or D, receptor blockers help in treating Vomiting 
induced by chemotherapy] 

6. During vomiting, the following events take place- 

a. The respiration stops. 

b. The diaphragm and abdominal muscles contra, 
together raising the intra-abdominal pressure. 

c. The lower esophageal sphincter remains open whic 
the laryngeal opening and nasopharynx are close¢ 

d. Antiperistalsis occurs in the stomach. 

As a result of all these factors, contents of the stomach 
and upper gut are expelled through the mouth. 
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MENTS OF THE SMALL INTESTINE 


1. Movements of the small intestine have two purposes: 
a. Digestive: Movements of intestine help in the 
digestion of food by mixing the food with digestive 
juice. They also help in absorption as food spreads 
over the intestinal surface. 
b. Propulsive: It helps in the movement of the chyme 
in the aboral direction. 
2. Movements of the small intestine are of four types: 
a. Segmentation 
b. Pendular movements 
Cc. Tonic movements 
d. Peristalsis. 


Bl SEGMENTATION MOVEMENTS [FIGS. 50.2A TO () 


1, In this type of movement, a part of the small intestine ® 
divided into segments of 1-2 cm length by constriction 
at multiple points. 

2. After a while, new constrictions take place at the 
previously dilated places while the previous places of 
constriction now become dilated. 
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Segmentation movement of small intestine. 


_. 50.2A to ¢: : ea 
denote ensuing contraction in the next phase. 
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» In the next phase, constrictions again appear at the 

 gilated parts. es 

, inthis way, although there isno propulsion of intestinal 

4. = ntents they are mixed intimately with the digestive 
yice. Lhis facilitates digestion and at the same time, 
spsorption is also enhanced. 


gpcnOULAR MOVEMENTS 


'- is type of movement, the intestinal contents are 
~ dtoand fro in a longer segment (about 20 cm). 
> »elps in proper mixing of the food with digestive 


fio. OVEMENTS 


1] type of movement, parts of the small intestine 
3 ically contracted. 
) divide the intestinal contents into separate 
nts and delay their transit. 
prolonged contact of the chyme with gut wall 
‘es digestion and absorption.. 


PPEn LSS (FIG. 50.3] 


|. In s type of movement, the chyme is pushed forwards 
in <. aboral direction. 

Presence of the chyme in a part of the intestine distends 
ital this point. This initiates a reflex, as a result of which, 
tere is contraction proximal to the point of distension 
and relaxation in the distal part. So, the chyme now 
moves distally (aborally). 

Again, the intestinal wall is stretched at this new 
position and the same reflex changes occur again. Thus, 
the chyme is gradually propelled forwards in an aboral 
direction. This is known as peristalsis. 
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Movements of the Gastrointestinal Tract 


Faod bolus gtratching 
(he intestine 





Distal dilation 


Proximal — 
constriction 


Fig. 50.3: Peristaltic movement in aboral direction as per law of 


4. 


intestine. 


Several neurotransmitters play an important role in the 
integration of peristaltic movement. 

Serotonin is released at the site of stretch in the 
intestine. 


Peristalsis (Important Facts) 
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Stretching of intestine leads to proximal constriction 

and distal dilation and causes aboral movement of 

chyme 

Serotoninis released at the site of stretch. Acetylcholine 

and substance P cause proximal constriction. VIP, NO, 

and ATP cause distal dilation 

Functions: 

a Digestion (by mixing chyme with digestive juice) 

= Absorption (by spreading the chyme over the 
length of intestine) 

a Pushes back bacteria coming from colon 

a Increases blood and lymph flow 

= Expels intestinal gases 

Types: 

# Short-range 

= Rush 

= Antiperistalsis 


Acetylcholine and substance P bring about the 
proximal constriction while VIP, NO, and ATP cause 
the distal dilation. 

Peristalsis occurs not only in the intestine, but also in 
other hollow tubular organs like the ureter, fallopian 
tube, etc. 


Bf FUNCTIONS OF PERISTALSIS 


It augments digestion of the chyme by mixing it with 
digestive juices in the intestine. 

It also augments the absorption of the chyme by 
propelling it to newer areas of the gut. 
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3. Ttpushes the bacteria, which might have come trom the 
colon into the smallintestine, back into the colon, 

4. Iincreases blood and lymph tow of the intestine, 

o. Tthelps to expel intestinal gases, 


There are three types of peristalsis: 
|. Short-range peristalsis: Hore the speed of the peristal 
tic Movement is 2 cm/sec and the peristalsis dies down 
shortly, 

- Rush peristalsis: Here the peristalsis moves very 
rapidly ata speed of 20 cm/sec. This is often found In 
gastrointestinal infections. 

. Antiperistalsis:; Here the peristaltic waves move in a 
reverse Girection. This is found in duodenum, especially 
at the time of vomiting. 


rho 


aw) 


\—~ J “LAW OF INTESTINE” AND “POLARITY OF THE INTESTINE” 
[FIG. 50.3] 


1. When the chyme stretches a part of the small intestine, 
the part of the intestine proximal to this contracts while 
the distal aboral part of the intestine relaxes. 

This is called the law of intestine. The peristaltic 
movement is a good example of this law. 

2. The law of intestine is also responsible for the polarity 
of intestine. According to the latter, food or chyme 
normally always moves in an aboral direction (away 
from the mouth). 

5. This can be experimentally demonstrated by resecting 
a small portion of the intestine and suturing it back to 
the site of resection. 

The chyme moves onwards normally, if the normal 
polarity of the resected intestine is maintained, i.e. 
the proximal and distal ends of the resected intestine 
continue to remain proximal and distal respectively 
even after suture. But, peristaltic movements come to 
a halt if the polarity of the resected gut is reversed, 


Bf GASTROILEAL REFLEX 


Emptying of the stomach reflexly relaxes the ileocecal valve 
with passage of chyme from the terminal ileum into the 
cecum. This is known as gastroileal reflex, 





Note: Entry of colonic bacteria into the nutrient-laden 
smal] intestine is prevented mostly by ileocecal valve. 
Peristaltic movements and MMC drive away whatever 
bacteria have entered into the small gut, back into the 
colon. 


 PARALYTIC ILEUS 


1. Intestinal movements cease following injury to the 
intestine. 


2, Also, there Is reflex Inhibition of ines 
following peritoneal treltation. 

4. Hoth the causes are operative lollawl; 
Intestine and this lose of movements 
known as paralyile leus, 

d, ‘The Intestine becomes distended with Mid sang 
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Bi MALABSORPTION SYNDROME 


It is characterized by defective absorption of f 
carbohydrate, vitamins, minerals, ete, from th 
This condition may be caused by; 

a, Defect in intraluminal digestion: ‘this May dee 
pancreatitis or fibrocystic disease of pancres. 4. 
absence of pancreatic enzymes. 

Bacterial overgrowth caused by reduced ist; 
acidity or intestinal stasis may also impair Intraluming 
digestion. 

b. Brush border enzyme defects in intestinal ¢ 
Disaccharidase deficiency leads to lactose 
Patients show milk intolerance, diarrhe 
loss. 

c. Reduction in small intestinal absorptive surface. 
This is found in celiac disease and tropical sprue, Both 
these conditions are associated with inflammation 
of enterocytes and flattening of mucosa, The latter 
reduces the absorptive surface significantly promoting 
malabsorption. 

Celiac disease shows sensitivity to gluten contained 
in wheat and related cereals. Gluten is converted to 
a water-insoluble protein gliadin which is mainly 
responsible for the harmful effects. 

On the other hand, tropical sprue, occurring 
exclusively in the tropics, is due to bacterial infection 
although no specific microorganism has been isolated 
This condition responds favorably to antibiotic therapy 

d. Short bowel syndrome: Extensive surgical resection 0! 
the small intestine can lead to malabsorption. 
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Signs and Symptoms 


The symptoms include steatorrhea (passage of bulky, 
frothy, and greasy stool with foul odor), weight loss, loss ol 
appetite, abdominal distension, flatus and muscle wasting 

Anemia, tetany (due to hypocalcemia), bone detec’ 
and peripheral neuropathy are some of the accompanyl"s 


signs, 
Bf STEATORRHEA 


It is characterized by passage of bulky, frothy, and g! 
stool with undigested fat in excess amount. 
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(3 reatic insufficiency: Deficiency of p 
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qeatorthea. . . 
opstructive jaundice: In this condition, bile cannot 
reach the intestine. As a result, fat digestion and 
ption are severely hampered. Excess of undigested 
iat passes in stool leading to Steatorrhea, 
onofterminalileum: This prevents reabsorption 
: wile salts which are mainly absorbed through 
rerminal ileum. Thus, the enterohepatic circulation of 
pile salts Is disrupted. This leads to passage of bile salts 
ato the colon and their fecal excretion. Deficiency of 
pile salts ensues leading to steatorrhea. This is further 
aggravated by diarrhea caused by the action of excess 
hile salts on colon. 
; Blind loop syndrome (see p. 304) and malabsorption 
«ndrome (see above) also cause steatorrhea. 
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t WOVEMENTS IN THE LARGE INTESTINE 


\foverments in the large intestine are principally of two 
ps: (2) segmentation and (b) peristalsis. 


pes: 


Segmentation Contractions 


|. S. zmentation contractions are like those in the small] 
- estine. 
_ help in the mixing and absorption of the intestinal 
“rents. 
are also called haustration movements as the 
‘(ra become prominent in this movement. 


Pe Movement 
| ‘altic contractions propel the intestinal contents 
- aboral direction. 


? ‘alsis is sometimes coupled with antiperistalsis. 
enhances mixing and it is known as kneading 
ement. 


ERISTALSIS 


|. |. a powerful peristaltic movement in which there is 
> cultaneous contraction of a large portion of the colon 
‘ransferring the contents through a long distance. 

¢. As a result of this movement, colonic contents may 
‘each the rectum and initiate the defecation reflex. 


Transit Time of Food 


trapments of ingested food take 4 hours to reach the 
“cum, 6 hours to reach the hepatic flexure of colon, 9 
hours to reach the splenic flexure, and 12 hours to reach 
Pelvic colon. Thereafter, transit is very slow. 
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B DEFECATION 


|, Mass peristalsis results in propulsion of the contents 


Of distal colon inte the rectum. As the recturn becomes 
distended, the urge to defecate Is felt. 

. The distension of rectum by feces leads to relaxation of the 
Internal anal sphincter, mediated by parasyrnpathetic 
cholinergic nerves. The center of defecation reflex lies 
in the sacral portion of the spinal cord and it is actively 
influenced by higher centers. 

. The external anal sphincter is supplied by pudenda! 
nerve, a somatic nerve. So, itis under voluntary control. 

4. When the rectal pressure becomes high enough, both 
internal and external and sphincters are reflexly relaxed 
and fecal contents are expelled. 

9. Defecation can be aided by voluntary efforts at lower 
than optimal rectal pressures. The subject voluntarily 
relaxes the external anal sphincter and raises the 
intra-abdominal and intrathoracic pressure by forced 
expiration with closed glottis. Contraction of abdominal 
muscles further increases the intra-abdominal pressure. 
Puborectalis relaxes helping in the alignment of rectum 
with anal canal. All these help in the evacuation of rectal 
contents through the anal canal. 
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i GASTROCOLIC REFLEX 


Ingestion of food distends the stomach and this stimulus 
reflexly initiates colonic contractions leading to the urge 
to defecate. However, recent studies indicate that it may 
not be a true neural reflex. A humoral agent (most likely 
gastrin) is perhaps responsible for the effect. Whatever it is, 
due to this “reflex’, the newborn children routinely defecate 
after intake of food. 


i MEGACOLON (HIRSCHSPRUNG’S DISEASE) 


1. This disease is characterized by absence of ganglion 
cells in the myenteric as well as Meissner’s plexus in 
the distal colon since birth. 

2. As a result of this, peristaltic movements causing 
passage of colonic contents into the rectum fail to occur. 

3. There is distension of the colon caused by accumulated 
colonic contents proximal to the aganglionic segment. 

That is why this condition is called megacolon. It is 
also known as Hirschsprung’s disease. 

4, Itmay be noted that the prolonged constipation caused 
by this condition often extending up to 3 weeks, has 
relatively little ill effect on the patient's health. 

This is contrary to the unfounded belief of some 
people about possible harmful effects of constipation. 

5. The condition is treated surgically by resection of the 
aganglionic segment and suturing the distal part of 
colon to the rectum. 
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megacolon is probably due to faulty migration of 
crest cells. Normal migration of neural crest 
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~eil requires the action of endothelin on endothelin | fj INTESTINAL BACTERIA 


= receptors. In megacolon, endothelin B receptors are 
dotectve due to genetic mutation. This ultimately leads 
<0 absence of ganglion cells in megacolon. 


B DEETARY FIBER 


Dietary fiber constitutes all undigested material that 
reaches the colon without any change. 
These mainly include plant carbohydrates, such 
zs. cellulose, hemicellulose, and lignin. These are 
zpundantiy present in green leafy vegetables. Although 
herbevorous animals can digest these materials, they 
cannot be broken down in human intestine. 
These Gietary fibers form the bulk of the stool. Lack of 
Gsetery fibers in the diet may cause reduced bulk of stool 
and this may result in constipation. 

On the other hand, dietary fiber increases bulk of the 
sto) Dy adding indigestible materials to the intestinal 
comems This prevents constipation. 


. Presence of dietary fiber in the diet in large amounts 


possibly reduces the occurrence of several diseases, e.g. 
aierticulitis, colonic cancer, coronary artery disease, 


§ GLIND LOOP SYNDROME 
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‘This is Characterized by excessive overgrowth of bacteria 
im mMestinal pockets, induced by stasis. 

As this condition is common in surgically created 
pockets or “blind loops” which lead to stasis in intestine, 
the condition is known as blind loop syndrome. 


. In this condition, macrocytosis of red blood cells 


ss caused by deficiency of vitamin B_. Vitamin B, 
deficiency is caused by the anaerobic bacteria, which 
take up this vitamin and prevent its absorption. 
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. Absence of bacteria in the jejunum is prob, 


. At birth, the intestine is bacteria-free, 5 


Bacteria are absent in the jejunum. But the 
increases in the ileum. In the colon, they are 
very large number. 


ir Nip, 
Presens 


bly due, 
the presence of HCl and increased loca] Mobilit, 


. ; Ut it S96 
becomes colonized by bacteria. h 


. Vitamin C, cyanocobalamin, and choline are taken 


intestinal bacteria. On the other hand, they syn by 
vitamin K, vitamin B complex, and folic acig Whi 
are useful to the body. Antibiotics such as tetracyc “a 
suppress intestinal flora. As a result, vitamins of the 
complex group have to be supplemented in the diet 
prevent deficiency during antibiotic administration 


. Bacteria produce gases which result in flatus, Th 


produce organic acids from carbohydrates and this 
lowers fecal pH. 

Moreover, bacteria produce amines which includ 
the supposedly toxic tyramine, histamine, skatole, ang 
indole. The last two impart the characteristic odor 1) 
fecal matter. 


. Production of ammonia: 


a. AMmonia, a toxic compound, is produced by 
colonic bacteria. This ammonia is absorbed through 
portal veins and it is removed from the circulation 
by the liver. 

b. In portacaval anastomosis, the portal vein is anas- 
tomosed with inferior vena cava to reduce chances 
of hemorrhage from gastric varices in cirrhosis. 
As a result, ammonia enters into the general circu- 

lation bypassing the liver and this may cause hepatic 

encephalopathy. 
Lactulose reduces ammonia absorption from gut 

Hence, it is beneficial in this condition. 

c. Colonic resection, at least temporarily, relieves the 
symptoms produced. 





giTRODUCTION 


rhe proximate principles of food are carbohydrate, 
| orotein, fat, vitamin, minerals, and water. Of these, 
~arbohydrate, protein, and fat are chemically complex 
~:pstances that must be broken down into smaller and 
-ysorbable units for assimilation. 
‘his process of breakdown of foodstuff into smaller 
_ «ly absorbable) units is known as digestion. 
» | © various digestive juices secreted in the gastro- 
inal tract, the saliva contains amylolytic (salivary 
se) and lipolytic (lingual lipase) enzymes which 
mewhat less effective. 

3 »mach secretes proteolytic enzyme (pepsinogen) 
‘he exocrine pancreas secretes the most powerful 
‘fective digestive enzymes (trypsinogen, chy- 
psinogen and other proteases, a-amylase, and 
‘nt lipases). 

4. vithelial cells lining the small intestine contain 

important enzymes which put “final touch” to 
gestive processes. 

5. \, awhile, the important roles of the liver which 

s. vtes bile and the stomach which secretes HCI 

‘ld not be forgotten. 

\ow, the detailed processes of digestion of the indi- 

vidual components of food follow. 


-_ 


E CARBOHYDRATES 


Carbohydrate components of food contain: 
|. Amylopectin: A plant starch of high molecular weight 
constituting 80-90% of starch in the diet. 
Itcontains a-1,4 linkages between glucose molecules 


as Well as a-1,6 linkages which are present at branching 
points, 





Digestion 


. Amylose: It has a smaller molecular weight and it is 


a straight chain compound with exclusively a-1,4 
linkages. 


. Glycogen: It is animal starch. Like amylopectin, it 


contains long chains connected by a.-1,4 linkages along 
with branch-chains formed by a-1,6 linkages. 


. Cellulose: It contains B-1,4 linkages between glucose 


molecules. Intestinal enzymes in man cannot breakdown 
B-1,4 linkages. As such, cellulose is indigestible in 
humans. 

It acts principally as dietary fiber. 


. All the above may be classified as polysaccharides. 


Other carbohydrate constituents belong to the class of 
disaccharides and monosaccharides. 

For example, lactose and sucrose are disaccharides 
whereas glucose and fructose are monosaccharides. 


Bi DIGESTION OF CARBOHYDRATE 


1. As already mentioned, starch contains glucose 


molecules connected by a-1,4 linkages with plenty of 
branchings. 

The connections at branching points are through 
a.-1,6 linkages. 


. Digestion of carbohydrate begins in the oral cavity. It 


is mediated by salivary amylase which can breakdown 
a-1,4 linkages but has no action on a-1,6 linkage. 


3. As aresult, starch is broken down into the disaccharide 


maltose, the trisaccharide maltotriose, and a-limit 
dextrins which are branched oligosaccharides. 


. It must be mentioned that action of salivary amylase is 


far from satisfactory because: 
a. It acts only on boiled starch. 
b. Stay in the oral cavity is too short. 
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¢ In the stomach, the pH is too low for its action, 
However, some amount ot digestion takes place 
within’ the bolus before the gastric acid lowers hi 
pet. 


. amylase in the forn of pancreatic amylase isamuch 


More effective amylolytic agent and becomes active 
when the gastric contents enter the duodenum and 
come in Contact with the pancreatic juice. 


_ The pancreatic amylase has the same activity as salivary 


amylase, It acts best at a slightly alkaline pH. 

Unlike salivary amylase, it breaks down both boiled 
and unboiled starch into maltose, maltotriose, a-limit 
dextrin and a maltooligosaccharide (contains 4-9 
glucose units in a-1,4 linkage). 


'. The final step of carbohydrate digestion take place in the 


brush border of the epithelial cells lining the duodenum 
and jejunum. 


- The intestinal brush border enzymes: 


a. Four enzymes take part in this final step of car- 
bohydrate digestion. These are sucrase, lactase, 
a-dextrinase (also called isomaltase) and glucoam- 
ylase. 

b. These enzymes are located in the brush border of 
intestinal epithelium and act upon the carbohydrate 
substrates in the lumen. 

c. Sucrase breaks down sucrose into glucose and 
fructose. 

d. Lactase breaks down lactose into glucose and 
galactose. 

e. Isomaltase (a-dextrinase) breaks down a-1,6 
linkages and thus removes the branchings. 

{, Sucrase and isomaltase are derived from a single 
polypeptide which divides, giving rise to the two 
separate enzymes. 

These two enzymes remain in the brush border 
of the intestinal epithelium, maintaining a 
noncovalent association. 


~__/Ml ABSORPTION OF CARBOHYDRATE 


—— 


. The end products of carbohydrate digestion are glucose, 


galactose, and fructose. 


. Glucose and galactose are absorbed through secondary 


active transport and they compete with each other for 
absorption. 


. The secondary active transport depends on the very 


high electrochemical gradient of Na‘ across the luminal 
membrane of the intestinal epithelial cell. 


. The chemical (concentration) gradient is the result 


of the action of Na*-K'-ATPase pump located at the 
basolateral border of the epithelial cell. Na’-K*-ATPase 
pumps Na’ ions out of the cell thereby lowering 
intracellular Na’ concentration. This produces a high 


Digestive system 


concentration gradient of Na‘ tong 
membrane. 

Again, the negative resting Membre 
(RMP) of the epithelial cell creates an ej, 
of cationic Na’ ton, which is direct 
interior. 

Due to the high electrochemical! Bradient y. 
enter via the transporter protein (see below) ‘ i") 
epithelial cell and at the same time draw my ta 

of sugar (glucose or galactose) into the cet hee, 
concentration gradient. APAin., 

G6. Two Na’ ions and one sugar molecule (gluse, 

galactose) are attached to the Na’ -sugar transpgn” | 
(SGLT1) involved in the transport of the g ugar a 

7. Once inside the cell, the sugar molecule exit. ti 

the basal membrane by simple or facjj itated q Hip 
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Note: Absorption of both Na’* and glucose jg 
by the same carrier protein (SGLT) which ¢ 
both molecules simultaneously. Thus, Na* a 
must be accompanied by absorption of g] 
in the treatment of acute diarrhea with salt loss, or 
replenishment of Na* (which is the prime necessin, hig 
facilitated by coadministration of glucose. That is why 
oral rehydration salt (ORS) packets contain glucose in 
addition to NaCl. 
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8. The absorption of fructose, in sharp contrast, js 


by facilitated diffusion through GLUTS and it \ 
independent of Na’. 


Glycemic Index 


It indicates the property or ability of a particular food 
raise blood sugar level. Various carbohydrate-rich foods 
can be classified, according to their glycemic inder, into 
foods of high glycemic index, foods of moderate glycemic 
index, and foods of low glycemic index. 


Glycemic index of glucose is 100 whereas cornflakes 


have a high glycemic index of 84. Ice cream and apple have 
glycemic indices of 61 and 37, respectively. 


Foods with glycemic index above 60 should be avoided 


in a diabetic diet because of their tendency to elevate blood 
glucose sharply. 


Ml LACTOSE INTOLERANCE 


1. At birth, lactase level is high but it declines in olcet 
age in some races, especially in Black Americans 
Asians. (Europeans and White Americans, howe'*! 
retain lactase activity even in adult life.) . 

2. In lactase deficiency, ingestion of milk is followed O 
diarrhea, bor borygmi, flatulence, ete. 
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; ro the following reasons: 
_qnist digested lactose Molecules remain iy the 

* ane nal hunven as they are not absorbed. 
mt avcreases the osmolarity of intestinal 
ats which pass on to the colon with increased 


yatel content 
ihe colonic bacteria breakdown ihe unabsorbed 
‘ 


Jactose increasing the osmolarity still further, This 
jimately causes diarrhea, 

, TRE pacterial action produces gases like CO, and HH, 
ihis leads to flatulence. 


gestion OF PROTEINS 
noes 


— patel content of diet varies from person to person 
3 also AMON different cultures, 

aily protein requirement is about 0.5-0.7 g/kg/day. It is 
oven more in case of growing children, convalescence, 
pregnancy, and lactation, 

’ proteins from digestive secretions as well as desqua- 
| sated epithelial cells are added to the dietary protein 
; nd undergo digestion. 

nietary protein is totally digested and absorbed. The 
stile amount of protein contained in the feces comes 
am colonic bacteria and colonic secretions as also 


-m desquamated cells. 


‘ 


and 


f 14: DIGESTIVE PROCESS 


sins are digested in the stomach and in the small 

sine. Intestinal proteases are very powerful and 

- dant so that digestion of proteins can be effectively 

yleted even without any involvement of stomach. 
nogen is the proteolytic enzyme of the stomach. 
onverted by HCl to pepsin—the active form. 

can digest up to 15% of total dietary proteins to 
des and amino acids. 

4 mall intestine is the main site of protein digestion 

unting for about 50% of the total protein digested. 

; _ roteolyticenzymes secreted by the pancreasinclude 

‘nogen, chymotrypsinogen, procarboxypeptidases 
d B, elastase, etc. 

b. se enzymes are first secreted as inactive precursors 
>. enteropeptidase (enterokinase) secreted from 
‘© mucosal epithelium of duodenum and jejunum 
c(lvates trypsinogen into trypsin. 

Irypsin, once formed, catalyzes its own formation 
by converting other trypsinogen molecules into trypsin. 
‘his process is called autocatalysis. 

Not only that, trypsin converts the other proteolytic 
enzymes, e.g. chymotrypsinogen, procarboxypeptidase, 
tc. from their inactive state to active forms. (Trypsin, 
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, The pancreatic proteases hreakdawn prot 
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chymotrypsin, and elastase are © 
On the 


breaking dowry the infernal peptide bye tihs 
wyyes 


other hand, carboxypeptidase and aneror 


are exopeptidases splitting off sitigs© gmir 


| go te nf expres 
from the C-terminal and N-termin® ents A pepo 
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of peptides i 
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smaller peptides, further digestion 
effected by enzymes present in brush 
intestine. These enzymes breakdown pep" 
smaller peptides (oligopeptides) and arin acids 


B BRUSH BORDER PROTEASES 


. The ultimate products of protein digestion ™ 


Aminopeptidases cleave amino acids frorn the airs 


terminal of peptides. 


. Other brush border proteases inchude dipeptidaxt a0 


dipeptidyl aminopeptidase (this breaks down dipeptide 


fragments from N-terminal end of peptiees, 
im tbe 


intestinal lumen and brush border are amine acids ame 
small peptides. 

These are absorbed into the intestinal epithelial ceils. 
Here, the smaller peptides are further broken dow™ Dy 
peptidases in the cel] cytoplasm. 


. Thus, protein digestion takes place at three sites- 


a. In the intestinal lumen. 
b. In the brush border of intestinal epitheliurn. 
c. In the cytosol of epithelial cells. 


. Finally, amino acids and some dipeptides are absorbec 


into portal blood. 


i ABSORPTION OF AMINO ACIDS 


bi 


The absorption of amino acids across the epithelial celis 


of small intestine involves specific Tansport systems 
that differ in the luminal and basolateral MeTDT ARES. 


_In the luminal membrane, there are seven different 


transport systems, five of which are Na-cependent 
(Na*-amino acid transporters similar to Na-ghucose 
transporter) and the remaining two independent of Na" 


_ On the other hand, the basolateral membrane has 


five different transport systems, two of which are 
Na*-dependent and the remaining three are mot Na’- 
dependent. 


_ Ininfants, some undigested protein is absorbed as such 


This includes the maternal immunoglobulins (}gA) 
secreted in milk. These enter the bicod in infants and 
confer passive immunity. 


. Allergy to proteins: 


a. Inadults, too, a little amount of undigested protein i 
absorbed as such, 


cm 
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b. As this protein is foreign in nature, antibodies are 
produced against them, This may give rise to allergic 
reactions on subsequent exposure. 

This is how allergy to foodstuffs like motluses, 
crustaceans, white of ege, legumes, ete, takes place, 


B DIGESTION OF EAT 


1. 


Apart from the lipases secreted by the pancreas, other 
lipases include lingual lipase secreted by Ebner's 
glands in the tongue and gastric lipase secreted trom 
the stomach. 


- The gastric lipase has very little role in fat digestion, but 


lingual lipase has significant lipolytic activity. 


. However, the principal lipolytic enzymes are those 


secreted from the pancreas. 
These are: 
a. Pancreatic lipase: 
¢ Itsplits triglycerides at 1 and 3 positions forming 
2-monoglycerides and 2 molecules of free fatty 
acid (FFA). 
¢ Its action is enhanced by the process of 
emulsification and presence of colipase. 
b. Colipase: It binds with pancreatic lipase and this 
increases the lipolytic activity of the latter. 
c. Bile salt-activated lipase: 
¢ This lipase, also secreted from the pancreas, is 
activated by bile salts. 
¢ Although this is a less active lipase compared to 
pancreatic lipase, it has the special capability of 
breaking down cholesteryl esters, phospholipids 
as well as triglycerides. 
d. Cholesteryl ester hydrolase is a lipolytic enzyme that 
liberates cholesterol from its esters. 


. The digestion of fat is greatly facilitated by the process 


of emulsification in which fat is broken down into 
numerous small droplets. 
In this, presence of amphipathic molecules like bile 
salts, lecithin, etc. plays a very important role as follows: 
Once fat is broken down into smaller droplets, these 
amphipathic molecules bind to the droplets by their 
lipophilic ends while their charged hydrophilic ends 


repelone another and thus, the 
unite back Into a large mass, 

6, ‘The big advantage of emulsification jg the lap 
area presented by the numerous smalfey 
which facilitate enzyme action, 

6, a. When bile salt concentration exceeds acehp 
known as critical micellar cCONCeNtration , 
bile salts, lecithin, cholesterol, ete. to ¥ Pliny, 
cylindrical or disk-shaped aggregates called fy 

b. In the micelles, hydrophobic substay ell 
cholesterol, fatty acids, ete. lie in the cms Ces 
contrast, amphipathic molecules like bile ga 
lecithin are arranged with their hydrophiy, | 
directed towards the surface and hydrophobj, ni 
directed towards the center. Cen 

c, The main importance of the micelles jg that the 
water soluble. This facilitates transport o in ja 
the intestinal lumen and also absorption i i 
into the enterocytes. pid 
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ff ABSORPTION OF FAT 


1. The absorption of lipids into the enterocytes is th 
passive diffusion. Carriers may also be involved 
process. 

2. Bile salts are not readily absorbed in the jejunum, 5) 
luminal concentration of bile salts is increased and this 
facilitates formation of micelle. 

3. Absorption of fatty acids depends on the number of 
carbon atoms that they contain. Thus, fatty acids With 
less than 10-12 carbon atoms are absorbed into the 
enterocytes and pass directly into the portal blood, 

4. Onthe contrary, fatty acids with more carbon atoms are 
esterified and converted to triglycerides. Side by side 
cholesteryl esters are formed from absorbed cholesterol 

5, The triglycerides and cholesteryl esters are then covered 
externally by a coating of protein, phospholipid and 
cholesterol resulting in the formation of a chylomicron 

These chylomicrons are then absorbed through 
lymphatic channels. 

6. 95% of ingested fat is absorbed provided the fat intake 
is restricted to moderate amounts. 
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ASSESSMENT QUESTIONS 


ng questions: 7 
piscuss the composition, function and regulation of 
salivary secretion. 
What are the constituents of gastric juice? Describe 
rhe mechanism of HCI secretion. Write briefly about 
gastric mucosal barrier. 

Describe the composition, function and regulation 
"of secretion of pancreatic juice. 
What are the different bile acids? Describe the func- 
tion of bile. Discuss the different types of jaundice. 
What are BER and MMC? Discuss the different types 
of movements of small intestine. 
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g Write short notes on: 
1. Paralytic secretion of saliva 
2. Dumping syndrome 
3. Acute pancreatitis 
4. Bile salts 
5. Enterohepatic circulation 
| 6. Physiological jaundice 
| 7. Van den Bergh reaction 
| 8. Peristalsis 
9. Law of intestine 
10. Paralytic ileus 
11. Mass peristalsis 
12. Dietary fiber 
13. Hirschsprung's disease. 


_C. Explain why or give brief answer: 

1. Saliva is hypotonic at low flow rates. 

2. Blood becomes alkaline following meals. 

3. Misoprostol is useful in treating peptic ulcer. 

4. Hypotension and hypoglycemia can occur in total 
gastrectomy. 

5. Pancreas is not autodigested. 

6. Enterohepatic circulation is helpful in fat digestion. 

’ Obstructive jaundice may present with coagulation 
defects, 

f . Alcoholics ingest fat before taking alcohol to avoid 

it intoxication. 

F Salivary digestion takes place mainly in stomach. 

Glucose is added in ORS to combat electrolyte loss in 





diarrhea, 
0 iltiple choice questions: 

Involved in peristalsis: 
a. NO b, Substance P 

_¢ VIP d, All of the above 

¢. Not a member of secretin family of gastrointestinal 
hormones: 
a. Secretin b. Gastrin 
c. VIP d. Glucagon 


3. One of the exopeptidases is: 


a. Trypsin b, Chymotrypsin 

c. Elastase d. Carboxypeptidase 
4, Site of action of disaccharidases: 

a. Oral cavity b, Stomach 

c. Small intestine d, Colon 


5. Not significant regarding fat digestion : 
a. Pancreatic lipase 
b. Lingual lipase 
c. Bile-salt activated lipase 
d. Bile salts 
.Which of the following enzymes is mostly 
responsible for fat digestion ? 
a. Lingual lipase b. Gastric lipase 
c. Pancreatic lipase d. All of the above 
7. Mechanism of absorption of fructose in small 
intestine: 
a. Simple diffusion 
b. Facilitated diffusion 
c. Secondary active transport 
d. None of the above 


OV 


8. Reabsorption of bile acids occurs at: 
a. Duodenum b. Jejunum 
c. lleum d. Colon 


9. Site of maximal absorption of short chain fatty acid 
produced by bacteria is: 
a. Duodenum 
b. lleum 
c. Colon 
d. None of the above 
10. Which of the following is inhibited by Hepcidin? 
a. Absorption of cobalamin 
b. Transfer of iron from enterocytes to blood 
c. Folic acid synthesis 
d. None of the above 
. A feature of iron absorption: 
a. Major site of absorption is duodenum 
b. Stored as ferritin 
c. Absorbed in ferrous form 
d. All of the above 
12. Which of the following causes an increase in iron 
absorption? 


eee 
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a. Milk b. Citrus fruits 
c, Antacids d. All of the above 
MCQs Answers 


1. Ans. d. Substance P (and acetylcholine) causes the 
proximal constriction while VIP, NO (and ATP) cause the 
distal dilation in peristalsis. 
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tose is absorbed in small intestine 5 


2. Ans. b. Gastrin and CCK belong to gastrin family of Gl. 7. Ans. b. Fructos 
hormones whereas secretin family consists of secretin, facilitated diffusion mediated by GLUT 5 
VIP, GIP and glucagon. 8 Ans. c. Bile salts are reabsorbed in terminal ileum 
3. Ans. d. Carboxypeptidase removes amino acids from undergo ee aie oe a stimulate 
carboxy-terminal of peptides. Hence itis an exopeptidase. ie secre ies VEr INU acting as a 
4, Ans. C. Disachharidases are present in the brush ——- 9. Ans.c. Short chain fatty aci ds like butyric acid, produceg 
of epithelial cells in the smail intestine and they brea by the action of colonic bacteria, are maximally absorbeq 


like glucose, galactose and fructose. 10. Ans. b. Hepcidin reduces available ferroportin which 
tric lipase have very small transfers iron from enterocytes to blood. 


fat digestion by | 11. Ans. d. 
12. Ans. b. Presence of acid and Vitamin C in citrus fruits help 


} 
| in conversion of ferric iron to ferrous form in which it js 
absorbed. 


down disachharides into absorbable monosachharides ‘a the colon. 
| 
! 


5. Ans. b. Lingual lipase and gas 
role in fat digestion. Bile salts help in 
emulsification of fat and formation of micelles. 

6. Ans. c. Pancreatic lipase is the main enzyme for fat 


digestion. 
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gruNCTIONS OF THE KIDNEY 
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\faintains water balance and osmolarity of body fluids. 
Osmotic imbalance may lead to swelling of cells or 
cell shrinkage. Swelling of brain cells due to osmotic 
imbalance can lead to impaired regulation of body 
temperature. 
\{aintains electrolyte balance by keeping the concen- 
-.tion of various ions within a narrow normal range. 
~palance of electrolytes may produce serious disrup- 
, of body function. For example, deviation of plasma 
concentration from its narrow normal range, can 
{to serious cardiac malfunction. 
ntains plasma volume through its effects on water 
electrolyte balance. Maintenance of normal plasma 
ime is an essential requirement for maintaining a 
mal blood pressure. 
retes various metabolic waste products. Thus, urea 
roduct of protein metabolism), uric acid (produced 
»reakdown of nucleic acids), creatinine (derived 
n muscle breakdown), etc. are excreted by the 
ey. 
-.cretes various drugs and foreign compounds in 
<idition to hormone metabolites. 
Maintains acid-base balance. 
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Renin secreted from juxtaglomerular cells of afferent 


arterioles, is a part of renin-angiotensin system and it 
regulates BP. 

Erythropoietin, secreted from peritubular interstitial 
cells of the kidney, regulates red blood cell (RBC) 
Production in bone marrow. 

The kidney converts 25-hydroxycholecalciferol to 
|,25-dihydroxycholecalciferol (active form of vitamin 
D.) by the enzyme 1a-hydroxylase. 


Nephron 


Wf STRUCTURE OF A NEPHRON (FIGS, 52.1 AND 52.2) 


ks 


2. 


A nephron is the structural and functional unit of the 
kidney. Each kidney contains approximately 1.3 million 
nephrons. 

Each nephron consists of a tubule with a blind, 
dilated end invaginated by capillaries which form the 
glomerulus. 


. The glomerular capillaries are connected to an afferent 


and an efferent arteriole at their two ends. 


. The afferent arteriole is a branch of the interlobular 


artery, which is a sub-branch of renal artery. The 
afferent arteriole divides into the glomerular capillaries 
which reunite again to form the efferent arteriole. 
In cortical nephrons, the efferent arteriole is slightly 
narrower than the afferent arteriole. 

Nephrons are of two types: (1) cortical and (2) juxta- 
medullary, depending on the location of the glomerulus. 


Cortex 


+ Pyramid 


~~ Ureter 





Fig. 52.1: Cross-section through the kidney, 
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Fig. 52.2: Parts of a nephron. 


Glomerulus of cortical nephron is located in the 
superficial part of renal cortex whereas glomerulus of 
juxtamedullary nephron is located in the deeper part 
of renal cortex, close to the corticomedullary junction. 

5. The efferent arteriole, in case of a cortical nephron, 
breaks down again into a peritubular capillary plexus 
surrounding the renal tubules. 

But, in case ofa juxtamedullary nephron, the efferent 
arteriole, in addition to draining into peritubular capil- 
laries, gives rise to very long, straight blood vessels. 

These are parallel to the loops of Henle in the medulla 
and these are called vasa recta. 

6. The glomerular capillary pressure is higher than the 
capillary hydrostatic pressure elsewhere in the body. 
This is due to the following: 

a. The efferent arteriole is narrower than the afferent 
arteriole. 

b. The fact that the renal artery is a direct branch of the 
abdominal aorta. 

As the efferent arteriole of the glomerulus is much 

narrower than the afferent arteriole, the amount of 

blood that can enter the glomerulus through the wider 

afferent arteriole, is more than that can leave through 

the narrow efferent arteriole. So, glomerular capillary 

hydrostatic pressure is high. 


The glomerular capillaries are unique in the body in that 
they arise from the arterioles (afferent arterioles) and 
drain into arterioles (efferent arterioles). They do not 
drain into veins as in other places of the body, 

One should note that the glomerular capillaries are 
concerned only with filtration of plasma. They are not 
concerned with exchange of O, and nutrients which, 
therefore, have an undiminished concentration in 
efferent arteriolar blood. 


-ycretory system | 


g BOWMAN’S CAPSULE (FIGS. 52.2 AND 52,5) 


1. Itis the dilated, blind end of the nephron, Int, 
he glomerular capillaries are invaginated, om 

of a parietal layer and a visceral layer, iT 

‘The parietal layer is continuous with the w 

renal tubule, On the other hand, the vig¢, 

is intimately fused with the endothelial J, 

glomerular capillaries, thus forming th, 
membrane of the glomerulus. 

3. Thus, the blood in the capillaries is separate, fr 
glomerular filtrate in the Bowman's space (whic, . 
between the parietal and visceral layers of Bown, 
capsule) by the glomerular filtering Membr, 
(filtration barrier) which consists of: . 
qa. Endothelial layer of the glomerular Capillaries 
b. Epithelial layer of the Bowman's capsule ( 

layer) 

c. The fused basement membranes of the two layer 
lying between them (Fig. 52.3). ° 
The capillary endothelium is fenestrated, with Dore 
of 70-90 nm in diameter. On the other hand, th, 
epithelial cells of the Bowman’s capsule (podocys, 
form interdigitating finger-like projections with slits 
between them called filtration slits. The filtratioy 
slits are covered by slit diaphragms which conti, 
pores of 4-14 nm in diameter. The slit diaphragm; 
are composed of several proteins called nephri 
NEPH-1, podocin, etc. The slit diaphragms restric 
passage of larger molecules across the filtering 
membrane. . 

In practice, the glomerular filter allows free 
passage of substances up to 4 nm in diameter 
whereas substances with diameter of more than 
8 nm are totally blocked. However, passage through 
the glomerular filter also depends oni the presence 
of electrical charge on the substance (see later). 

Other factors limiting the passage of substances 
are molecular shape, etc. (see page 320). 
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Fig. 52.3: Glomerular filtering membrane. 
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angia! cel ; | 
cells are contractile cells present in the glomeru- 
g io iuft, on the basal aspect of glomerular capillary 
co" a cells. When they contract, the neighboring part 
2 “al ar capillary becomes kinked causing occlusion 
Ie af gion aulat blood flow. This diminishes GER or glomeru- 
 yglome by reducing glomerular filtration surface 
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| 1ctioDs of mesangial cells are: 

See corel ‘de structural support to capillaries in the 
t 1) 

2 glomerulus 24 

h phagocytc ace ; ; 

eal on of prostaglandins and cytokines. 


XIMAL CONVOLUTED TUBULE 


| The Bowman's capsule is connected distally to the 
. oximal convoluted tubule (PCT). It is 15 mm long 
and 55 pm in diameter. 
the PCT can be divided into three portions, e.g. (1) a 
proximal segment, (2) a distal segment and (3) pars recta 
«hich is the straight terminal portion continuous with 
-he loop of Henle. 
vhrough the PCT, the kidney reabsorbs the major 
_ortion of the filtered fluid (about 67%) and solutes. 
is reabsorptive function is reflected in its histological 
:tures: 
(t is lined by a single layer of epithelial cells which 
are connected laterally by tight junctions near their 
\uminal border. 
Toward the basal side, their lateral walls are separat- 
ed by spaces known as lateral intercellular spaces. 
The basal borders show small invaginations. In 
contrast, the luminal borders are covered with 
microvilli. Hence, the proximal tubules are said to 
have brush border epithelium. 
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_ ‘he Henle’s loop is U-shaped part of renal tubule 
aving a descending and ascending limb connected by | 
4 hairpin bend. As already mentioned, pars recta of the | 


PCT is continuous with the descending limb of Henle’s | 


loop. 

In cortical nephron (the glomerulus lying in the outer 
Cortex of the kidney), the Henle’s loop is short. Its 
descending limb is thin and ascending limb is thick 
throughout its length. 

But in juxtamedullary nephron (the glomerulus lying 
near the corticomedullary junction), the Henle’s loop 
's Very long. The thin descending limb descends as far 
as the tip of the renal pyramid in the renal medulla. It 
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then makes a hairpin bend and is continued thereafter 
as ascending limb. In the juxtamedullary nephron, the 
ascending limb of loop of Henle is thin in the lower 
part and thicker in the upper part which is called thick 
ascending limb. 


4. The thick ascending limb passes between the afferent 


and efferent arterioles of its own glornerulus and makes 
contact with both of them before continuing into the 
distal convoluted tubule. At this region of proximity to 
the afferent and efferent arteriole, the epithelial cells of 
the thick ascending limb are densely packed and altered 
histologically. This is known as macula densa. 


. The macula densa, the renin-secreting juxtag! omerular 


epithelial cells of the afferent arteriole together with the 
Lacis cells lying in between, form the juxtaglomerular 
apparatus (see later). 


B THE DISTAL TUBULE 
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. It is the continuation of the ascending limb of Henle’s 


loop. 
The classical distal tubule is divided into an early distal 
tubule and a late distal tubule. 


. The early distal tubule mainly constitutes the distal 


convoluted tubule. It is about 5 mm long. Its lining 
epithelium has fewer microvilli compared to that in 
PCT. 


. The late distal tubule is continuous with cortical 


collecting duct. These two parts are histologically 
identical and they contain “I” cells and “P” cells (page 
327). 


i THE COLLECTING DUCTS 
Ei 


They are long (about 20 mm) and pass through the 
cortex and medulla to drain into the pelvis of the kidney 
at the apex of the renal pyramid. 


. The collecting duct specially the cortical collecting duct, 


contains two special types of cells: (1) the intercalated 
(1) cells and (2) the principal (P) cells. 

The “I” cells are concerned with H’ and HCO. secretion. 
Their cytoplasm contains numerous mitochondria and 
cytoplasmic vesicles. 

The “P” cells are concerned with Na* and water 
reabsorption. They have fewer organelles compared to 
“I" cells (see also page 328). 


CORTICAL NEPHRONS VERSUS 
JUXTAMEDULLARY NEPHRONS 


The cortical nephrons (Fig, 52.4): 
a. They have their glomeruli in the superficial part of 
the cortex. 
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Fig. 52.4: Cortical and juxtamedullary nephrons. 


b. Their loops of Henle do not enter deep into the 
medulla. 

c. Their ascending limbs are thick throughout. 

d. The efferent arterioles are narrower than the afferent. 

e. They do not concentrate urine. 

The juxtamedullary nephrons: 

a. They have their glomeruli in the deeper part of the 
cortex close to the medulla. 

b. Their loops of Henle enter deep into the medulla up 
to the tip of renal pyramid. 

c. Their ascending limbs have both thin and thick 
segments. 

d. The afferent and efferent arterioles of their glomeruli 
have the same diameter. 

e. They carry out one of the most important functions 
of the kidney—concentration of urine. 


B BLOOD VESSELS OF THE KIDNEY 
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The renal artery repeatedly divides and subdivides 
and forms progressively smaller branches. These are 
successively called segmental, lobar, interlobar, arcuate, 
and interlobular arteries. 


. The interlobular branch gives rise to the afferent 


arteriole which breaks up into a tuft of capillaries in the 
glomerulus. 


. The glomerular capillaries unite to form the efferent 


arteriole. It is smaller in diameter than the afferent 
arteriole in case of cortical nephrons. 


. The efferent arteriole breaks up into a second set of 


capillaries which ramify around the renal tubules. 
Hence these are called peritubular capillaries. 

Thus, the renal blood vessels form a portal system of 
circulation. 


retory System 
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5. In case of the juxtamedullary nephrons, the effer, 
arteriole in addition to draining into Perituby),, 
capillaries, gives off branches which pass through ‘ 
renal medulla as straight, descending vesge|. Call i. 
vasa recta. They descend as far down as the i 
pyramids. Then they turn back to the renal cotter. any 
perform the very important function of countercurren, 
exchange (see later). 

6, The peritubular capillaries as well as vasa recta drain 
into venules which after repeated combination with 
other venules finally form the renal vein. 


ff] FEATURES OF RENAL CIRCULATION 


1. Renal blood flow is about 1,200 mL/min or 420 mL/ 109 
g/min. Thus, it is about 20-25% of cardiac output. 


Considering the fact that the kidneys weigh even |esg 
than 1% of body weight, the volume of blood supplied 
to the kidney is enormous. But one should remember 
that this huge volume of blood flow to the kidney js 
essential to maintain water and electrolyte balance and 
clear the wastes efficiently, thereby playing a useful role 
in preservation of homeostasis. 


2. Apart from supplying O, and nutrients, an important 
function of renal blood flow is to produce glomerular 
filtration at an optimal rate. 

3. Renal O, consumption is about 6 mL/100 g/min, second 
only to heart. 

4. Elsewhere in the body, blood flow to an organ is 
controlled by variations in O, consumption. But, in the 
kidney, it is renal blood flow which contreis renal 0, 
consumption. 

For example, if renal blood flow dimivishes, the 
GFR drops and the tubular load of Na* decreases. So, 
Nat reabsorption from the tubules decreases. Since, 
renal O, consumption depends on the amount of Na’ 
reabsorption, it (0, consumption) decreases with 
decrease in blood flow. Conversely, high renal blood 
flow increases O, consumption. 

5. Renal O, extraction is very low as shown by the very 
small difference in arteriovenous O, content (only |» 
mL/100 mL of blood). This is in keeping with its high 
blood supply (420 mL/100 g/min). 

6. Renal circulation forms two sets of capillaries: 

a. In the glomerulus 
b. In the peritubular plexus. 
Thus, it is a portal system. . 

7. The glomerular capillary pressure is high (about 45-50 
mm Hg) due to a narrower efferent arteriole. Ag@!" 
due to the narrow efferent arteriole, the peritubulit 
capillary pressure is low (about 10 mm Hg). 
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. +» efferent arterioles of juxtamedullary nephrons 
3 rhe ff the straight, descending vessels called vasa 
ive ame e act as countercurrent exchangers and help 

: cain the medullary osmotic gradient, 

mai | circulation shows autoregulation. The arterial 
9. So may vary between 90 mm Hg and 180 mm Hg 
| ithe renal blood flow is kept constant (vide infra). 
jood flow in the renal cortex is much higher than that 
() B nal medulla. 
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. sgent Influencing Renal Blood Flow 


- aenal blood flow and GFR are influenced by various 
. Ren ical agents and hormones which cause 
| Oe castl ction or vasodilatation in renal blood vessels, 
| ae nitric oxide (NO) and certain prostaglandins 
| pGl. and PGE,) cause vasodilatation which increases 
= 4] blood flow. Conversely, endothelin and angiotensin 
 ] cause vasoconstriction which decreases renal blood 
| ‘ow. !t should be noted that the vasodilator action of NO 
| s stimulated by several other agents, e.g. acetylcholine, 
- histamine, bradykinin, and also mechanical stretch. 
<pirin or nonsteroidal anti-inflammatory drugs 
(NS 's) inhibit cyclo-oxygenase and decrease synthesis 
ofp ‘aglandins, thereby reducing renal blood flow. 
Thi: _.armful in case of renal ischemia or hemorrhagic 
sho here renal blood flow is already compromised. 
So,  !Ds/aspirin are contraindicated in the above 
con ans. 


J) GLOMERULAR APPARATUS (FIG. 52.5) 


‘ithe ~~ ree components: 
|. ula densa: The thick ascending limb of Henle’s loop 


-es between the afferent and efferent arterioles of 
| own glomerulus. 


Afferent arteriole 


Macula densa 


Juxtaglomerular cells 
of afferent arteriole 
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At this site, close to the arterioles, the epithelial cells 
of the tubule are tightly packed. Also, there are gaps in 
the basement membrane. 

This region is called “macula densa’ It is supposed 
to sense the changes in rate of flow of solute in the 
glomerular filtrate. 

2. Juxtaglomerular cells: 

a. These cells are modified smooth muscle cells 
present in the tunica media of the afferent arteriole. 
b. They contain granules and hence called granular 
cells. The granules contain renin which activates the 

renin-angiotensin system (page 319). 

3. Lacis cells: These cells are located in the triangle 
bounded by the macula densa, afferent arteriole, and 
efferent arteriole. They are also called extraglomerular 
mesangial cells. They may secrete renin. 

[For details about glomerular filtration rate (GFR), see 
Chapter 53]. 
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; AUTOREGULATION OF RENAL BLOOD FLOW AND 
GLOMERULAR FILTRATION RATE (FIG. 52.6) 


1. It has been observed that renal blood flow and GFR 
remain constant even when the systemic arterial blood 
pressure varies between 90 mm Hg and 180 mm Hg. 

This is known as autoregulation of blood flow and 
GER. 

2. Autoregulation of blood flow and GFR is essential to 
maintain water and electrolyte balance. The following 
example will make this clear. 

Suppose the mean systemic arterial pressure rises 
by 40% from 100 mm Hg to 140 mm Hg. In absence of 
autoregulation, this will increase renal blood flow and 
GFR by 40%. So, GFR will increase from the normal 
value of 180 L to 252 L. 
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Fig, 52.5: Juxtaglomerular apparatus. 
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Fig. 52.6: Autoregulation of renal blood flow and glomerular 


filtration rate (GFR). 


Assuming that the reabsorption of fluid remains un- 
changed at 178.5 L, the urinary output will increase by 
72 L. This will upset body fluid and electrolyte balance. 

Thus, autoregulation of blood flow and GFR are 
essential prerequisites for homeostasis. 


_ There are two main mechanisms of autoregulation: 


a. The myogenic mechanism primarily concerned 
with autoregulation of blood flow. 

b. The tubuloglomerular feedback mainly concerned 
with autoregulation of GFR. 


. The myogenic mechanism: T (increased) systemic 


arterial pressure — stretch on the afferent arteriolar 
wall by blood at increased pressure — entry of Ca** into 
the muscle cells due to the opening of stretch-sensitive 
Ca channels > contraction of the smooth muscles 
_5 increased resistance to blood flow — blood flow 


remains unchanged. 


_ The tubuloglomerular feedback (Flowchart 52.1): 


4. The mechanism responsible for autoregulation of 
GER is tubuloglomerular feedback. 

b. This acts through a feedback loop in which the flow 
of tubular fluid containing NaCl is sensed by the 
macula densa of the juxtaglomerular apparatus and 
this sends a signal that affects GFR (by acting on the 
afferent arteriole). 

c. Mechanism of tubuloglomerular feedback: When 
GER is increased, flow of NaCl in thick ascending 
limb increases. The Na‘-K*-2Cl symporters in 
cells of macula densa reabsorb Na’*, K*', and Cl 
ions from the tubular lumen by a secondary active 
transport powered by a Na'-K’-ATPase located in 
the basolateral membrane. This results in increased 
production of adenosine and ATP. Adenosine 
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Flowchart 52.1: Tubuloglomerular feedbacy 





* Absorption of NaCl via Na’-K’-2CT transporter 


+ Activity of Na*-K*-ATPase "a 


* Production of adenosine and ATP 
Adenosine acts on A, receptors; ATP acts on P,, receptors 


Constriction of afferent arteriole 





(ATP: adenosine triphosphate; GFR: glomerular filtration rate; 
NaCl: sodium chloride) 


activates Al adenosine receptors whereas ATP actson 
P2X receptors on the cells of afferent arteriole. Bott 
cause an increase in intracellular Ca™ ions leading 
to constriction of afferent arteriole and GFR dropsio 
original value. This is the basis of tubuloglomerula 
feedback which causes autoregulation of GFR. 


4. If, in spite of the myogenic mechanism and the 
tubuloglomerular feedback, there is alteration in GFR 
(leading to an altered tubular load), there is still another 
mechanism which tries to preserve body sodium an’ 
water balance. 

This is known as glomerulotubular balance (Flow: 

chart 52.2). 

5. Inglomerulotubular balance, when filtered load of Na 
and water increases due to increase in GFR, reabso?P 
tion of Na‘ and water in PCT is increased proportio” 
ately. Thus, sodium and water balance is maintained: 
It can be explained in two ways: 

a, Increase in GFR — as more water is 
the protein concentration in effere 
and peritubular capillaries increase 
oncotic pressure in peritubular capillaries? 
is osmotically drawn from PCT — more a 
reabsorbed due to solvent drag. 

b. Rise in GFR — rise in filtered load of 
amino acids —> more Na’ is reabsorbe 
glucose and Na‘-amino acid symports ” 
water is also reabsorbed due to osmotic effect 


filtered ou" 
nt arterio! 
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Chapter 52: Nephron 
i 5: Nephi 
Flowchart 52.2: Glomerulotubular balance. 


c. Decreased delivery of Na’ and HO in the macula 
densa. 
In contrast, angiotensin If and antidiuretic 
hormone (ADH) inhibit renin secretion. 

2. Renin acts on plasma angiotensinogen to form angio- 
tensin I. Angiotensin I, in turn, is converted to angio- 
tensin II mostly in pulmonary capillary endothelium 
by angiotensin-converting enzyme (ACE). 

3. Angiotensin II has several important physiological 
functions: 


a. It is a potent constrictor of arterioles and elevates 
BP. 

b. It stimulates secretion of aldosterone from the zona 
glomerulosa of adrenal cortex. 

c. It stimulates contraction of mesangial cells (page 
315). Contraction of mesangial cells which are 
located between glomerular capillary loops, causes 
reduced GER by decreasing glomerular filtration 
surface area. 

d. It stimulates Na* absorption directly from PCT. 

. It stimulates thirst which induces water intake. 
<=> glomerular filtration rate; COT: colloidal osmotic tension; f. Angiotensin II constricts afferent and efferent 
Pic: ronment convoniied tubule) arterioles of glomerulus and decreases GFR. 
4. Aldosterone, secreted from adrenal cortex in response 
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i oc. ANGIOTENSIN SYSTEM to angiotensin II, causes Na* and water reabsorption 
7 from distal nephron. This increases plasma and 
|. \isahormone secreted from the juxtaglomerular extracellular fluid (ECF) volume. 

of the afferent arteriole. At least three factors 

|ate renin secretion. These are: Note: ACE inactivates bradykinin in addition to its effect 
nulation of intrarenal baroreceptor in the | © angiotensin. 

-rent arterioles in response to diminished blood So, ACE inhibitors increase bradykinin concentration. 
-ssure. This elevated bradykinin may cause intractable cough. 


eractivity of sympathetic nerves or increase in | his is an occasional side effect of ACE inhibitor used in 
-ulating paiechalin Safi the treatment of hypertension. 
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B INTRODUCTION 


Glomerular filtration has the following features: 
a Firstly, glomerular filtration takes place throughout the 


entire stretch of glomerular capillaries (unlike other 
capillary beds where filtration occurs In the proximal 
portion of the capillaries and reabsorption occurs in 
the distal portion). 

This is caused by the high resistance of the narrower 
efferent arterioles which do not allow the filtration force 
to fall along the length of the capillaries, 


_ Secondly, the permeability of glomerular capillaries is 


much higher than that in capillaries elsewhere. 


_ Thirdly, the glomerular capillary hydrostatic pressure 


is very high compared to that in other capillaries. 
All these factors lead to the high volume of fluid filtered 


by the glomeruli (180 [./day). 


Glomerular filtration of a particle depends on: 


le 
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Particle size: 

a. The glomerular capillary endothelium has 
fenestrations of about 70-90 nm width. On the other 
hand, the filtration slits between the interdigitating 
podocytes of the visceral layer of the Bowman's 
capsule are about 25 nm wide. 

. However, experimental studies show that the 
glomerular filter allows particles up to 4 nm to be 
freely filtered while particles above 8 nm in diameter 
are totally blocked, 

c. The glomerular permeability of a particle also 
depends on the electrical charge of the particle 
passing through the glomerular filter as explained 
here. 

Shape of the particle: Shape of the particle plays an 

important role in determining whether it will be filtered 

or not 
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Glomerular Filtratioy 
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cylindrical shape can pass easily through gomery, 

filter whereas a spherical particle with lower molec, so 

weight but bigger diameter may fail to do so, 
4, Plectrical charge of the particle: 

a, Apartfrom particle size and shape, electrical char, 
of the particle plays a role in permeability, 

b, The slaloproteins of the glomerular filterin, 
membrane are negatively charged. They rene! 
negatively charged particles like albumin (on the 
other hand, passage of positively charged particle: 
may be facilitated). Shat is why alburnin is filtered 
poorly through the glomerular filter although i 
particle size is only 7 nm, 

c, But, innephritis, a disease of the kidney, i.e damaged 
glomerular filter loses lts negative charge So, albums 
is no Jonger repelled and its passage rough the 
glomerular filtering membrane is un!indered. the 
explains the increased passage of all. rnin in urine 
(albuminuria) in glomerular disease 


Bf FACTORS INFLUENCING GLOMERULAR FILTH °/10N RATE 


1, Filtration forces (Starling hypothesis): 

a, Glomerular filtration rate (GFR) depends on the 
factors laid down in Starling’s hypothes!s. 
‘Thus, 

GFR = K, [Poe - P,) - (M,, ” m,)| 

where, K, = Glomerular ultrafiltration coefficient, 
which depends on capillary permeability and 
effective filtration surface area. 


Variations in ultrafiltration coefficient: 
Ultrafiltration coefficient depends on two factor 
(a) total filtration surface area and (b) permeability of th 


j 

A particle with higher molecular weight bur jp, 
iy 

filtering membrane, 
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rotal filtration surface area may vary. As has been 
isly mentioned, contracting mesangial cells, by 
soy aft adjacent capillary loops in the glomerular 
One Auce total capillary filtration surface area and 
ut reduce GFR. As contraction of mesangial cells js 
ie lated by sympathetic nerves, this is yet another way 
os <ympathetic nerves control GER, 
nw rermeabilil) of the filtering membrane can also 
__. Contractile elements present within the branching 
ie by contraction, can change the shape of the 
a ~tes. This may reduce the distance between the 
oe -digitating processes of podocytes, thus decreasing 
ne size of filtration slits. Thus, the permeability of 
ng membrane is reduced and filtration coefficient 
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gecreases. - | 
in this way, these variations in ultrafiltration 


~oefficient (K,) which is the product of filtering membrane 
permeability and total filtration surface area, may alter 
GFR. 

- Glomerular capillary hydrostatic pressure 


GC 
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Pressure (mm Hg) 





Efferent end of 
glomerular capillary 


Afferent end of 
glomerular capillary 


Fig. 53.1: Filtration along the glomerular capillary from the 
afferent to the efferent end. Dotted line shows shift of net filtration 
pressure curve due to increased renal blood flow. 

(NFP: net filtration pressure; Tees glomerular capillary oncotic pressure; 
P.: glomerular capillary hydrostatic pressure; PB: Bowman's space 
hydrostatic pressure) 





P 
p. = Bowman’s space hydrostatic pressure 
Tex - Glomerular capillary oncotic pressure 
1, = Bowman's space oncotic pressure. 
‘Inder normal circumstances, at the afferent end 
f glomerular capillary P,. = 45 mm Hg, P, = 10 
am Hg, t,.= 25 mm Hg, and m1, = 0 mm Hg. So, net 
tration pressure = 45 - 10 - 25=10 mm Hg. 
his net filtration pressure is the driving force 
or glomerular filtration at the afferent end of 
‘jomerular capillary. But, as blood proceeds through 
re glomerular capillary toward the efferent end, 
apid filtration of fluid leads to a gradual increase 
n the colloidal osmotic tension (oncotic pressure) 
f capillary blood. Ultimately, a point is reached 
vhere filtration stops as the net filtration pressure 
oecomes zero (Fig. 53.1). 
For example, at this point, 
Pp -=45mm Hg, P.=10mm Hg 
1..= 35mm Hg 
So, net filtration pressure = 45 - 10 - 35 = 0 mm Hg. 
. If the renal blood flow increases, this point (where 
filtration stops) is pushed more toward the efferent 
arteriolar end and the GFR rises. This is why GFR 
___ Increases with increase in renal blood flow. 
-. The different factors in the Starling hypothesis may be 
altered, This will cause alteration in GFR as follows: 
4. Change in systemic arterial pressure is reflected in 
altered glomerular capillary hydrostatic pressure 
(P..) and this may alter GER. 


oO 


- Constriction of afferent arteriole reduces glomerular 


On the other hand, constriction of efferent arteriole 
elevates glomerular capillary hydrostatic pressure 
and it raises GFR. 

c. Obstruction of ureter as well as renal edema 
confined within renal capsule elevates Bowman's 
space hydrostatic pressure (P,,). This reduces GFR. 

d. Hypoproteinemia decreases whereas dehydration 
increases plasma protein concentration. As a 
result, glomerular capillary oncotic pressure (1...) 
is altered. GFR is also altered accordingly. 

e. Any factor altering glomerular capillary permeability 
or effective filtration surface area, (see mesangial 
cells, page 315) alters glomerular ultrafiltration 
coefficient (K,). GFR shows corresponding change. 


. Renal autoregulation: GFR remains unaltered even 


if the systemic arterial pressure changes between 
80 mm Hg and 180 mm Hg. This is known as renal 
autoregulation of GFR. The tubuloglomerular feedback 
is mainly responsible for this (see page 318). 


. Sympathetic stimulation: 


a. Mild sympathetic stimulation augments GFR by 
constricting efferent arteriole. 

b. Strong sympathetic stimulation reduces GER by 
constricting both afferent and efferent arterioles, 


Bf GLOMERULAR FILTRATION RATE 


The amount of filtrate formed in kidneys per unit time is 


Capillary hydrostatic pressure. So, GFR is reduced, | GER. 
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Nor sally; GER is 125 mL/min. Thus, in 24 hours, about 
180 L of fluid is filtered by the glomeruli. 

Daily urine volume is only about 1.5 
L of filtrate are reabsorbed daily. 


L.. So, about 178.5 


§ FILTRATION FRACTION 


Itis the ratio between GER and renal plasma flow. Nor mally, 
renal plasma flow is about 700 mL/min. So, filtration 


fraction ranges between 0.16 and 0.2. 


Bf DETERMINATION OF GLOMERULAR FILTRATION RATE 


1. Glomerular filtration rate can be determined by using 
a substance that is freely filtered by the glomeruli and 
which is neither reabsorbed nor secreted in the renal 
tubules. 

2. If the plasma level of such a substance (say x) be Px, 
then amount of filtered substance per minute = GFR.Px 

3. If its concentration in the urine is Ux and volume of 
urine per minute is V, then amount excreted in urine 
per minute = Ux.V 

4. As the substance is neither reabsorbed nor secreted in 
the tubules, 

Amount filtered = Amount excreted 
So, GFR.Px = Ux.V 


Or, GER = UX¥ 
Px 


i CRITERIA OF A SUBSTANCE FOR MEASURING 
GLOMERULAR FILTRATION RATE 


1. Neither reabsorbed nor secreted in renal tubules 
2. Freely filtered 

3. Does not have any toxic effect to the body 

es not undergo metabolic change in the body 


. Should be easily measured in plasma and urine. 

Inulin, a fructose polymer having a molecular weight 
of 5,200 kDa, meets most of the criteria required by a 
substance to measure GFR. 


§ CLEARANCE 


It is the virtual volume of plasma which is cleared of a 
particular substance by excretion in the urine in unit 
time. 

(The term “virtual” volume is used because in reality, 
a fractional volume of plasma can never be cleared of a 
substance in isolation, The virtual volume simply means the 
volume that would have been occupied by the substance 


before excretion). 


It should the noted that clearance ofa substance 


Amount. of substance excreted _ 
~ “Plasma concentration of 1 of the substance 


When the substance is neither reabsorbed », 
secreted, amount of substance excreted equals amoung é 
substance filtered. 

So, clearance in this case 
Amount of substance filtered 
~ “Plasma concentration of the substance 


= GFR 
Inulin is neither secreted nor reabsorbed. So, iny),. 


clearance = GFR. 

Again, when the substance is filtered but reabsorhe, 
to some extent, amount of substance excreted = Amoun; 
filtered - Amount reabsorbed. 

So, clearance of such a substance 

_ Amount filtered - Amount reabsorbed 

~ Plasma concentration of the substance 

So, clearance in this case is less than GFR. Urea is partly 

reabsorbed in the tubules. Its clearance = 70 mL/min. 

Similarly, when the substance is filtered and also 


secreted, 


— 


Amount filtered + Amount secreted 
Plasma concentration of the substance 


So, in this case, clearance is more than GFR. 


Clearance = 


fi CREATININE CLEARANCE 


This is preferred to inulin clearance in measuring GFR 
because: 
a. Creatinine is produced in the body and so does not 
require infusion from outside as in inulin clearance test 
b. Creatinine measurement in urine and plasina is much 
easier than inulin. 
c. Despite these advantages, creatinine clearance does 
not indicate GFR very accurately because creatinine 
is secreted from the tubules to some extent. So, U,,'s 
increased. 

However, the measured plasma concentration of 
creatinine also shows inappropriately increased values 
due to presence of nonspecific chromogens. In other 
words, P,. also shows increased values. 


Thus, the two errors cancel each other and creaunue 


UV). 
clearance an is more or less unchanged. 9 
creatinine clearance is frequently used to measure GER 
in normal conditions. 

However, creatinine clearance should not be used 
to measure GER in abnormal renal conditions whe? 
it may give erroneous values due to altered tubula! 
secretion. 
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para-aminohippuric acid (PAH) isas 
.. filtered in the glomeruli and at low 
; is fully secreted from the tubules so 
contains no PAH. | 
Thus, the entire amount of PAH enterin 
artery is completely extracted by the ki 
excreted in the urine. | 
if, however, the plasma PAH value is high, then the 
secretory capacity of PAH is quickly Saturated. The 
excess PAH that cannot be secreted is returned via the 
renal vein and renal extraction of PAH is not complete, 
inthis case, the value of PAH clearance is decreased. So, 
calculated renal plasma flow is falsely low. In view of the 
above, in renal blood flow measurement, sufficj 
low concentration of PAH is used. 
Under these circumstances, with low PAH level: 
Extracted PAH = Plasma PAH concentration (P 
Renal plasma flow (RPF). 


ubstance that 
plasma levels, 
that renal vein 


8 Via the renal 
dney and fully 


ently 


par) * 


extracted PAH appears in the 
urine, 


If urinary PAH concentration is U,,,, and urinary 


volume is V, amount of PAH excreted in urine = Ua 
So, P,,,,x RPE=U._ Vv 


PAH" 


Ua * 
Or, RPF = ~p _ = 630 mL/min (say). 


PAH 


- This is called effective renal plasma flow. Now, the 


extraction ratio of PAH is 0.9. This means that 90% of 
PAH is actually extracted from blood. The remaining 
10% bypasses the glomerular and peritubular capillaries 
(e.g. PAH in blood supplying the renal capsule. There is 
no filtration or secretion of PAH from this blood). 


. SO, actual renal plasma flow 


= Effective RPF/0.9 
= 630/0.9 = 700 mL/min. 


. SO, renal blood flow 


_ 700 
1- 0.45 


= 1270 mL/min approx. 





[If hematocrit = 45%] 
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4. The entire amount of 
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§ TUBULAR REABSORPTION AND TRANSPORT MAXIMUM 


1. The filtered fluid in the glomerulus is, in fact, an 
ultrafiltrate of plasma. Many essential as well as 
nonessential solutes are present in the filtrate. 

2. The most important function of the renal tubules is 
to reabsorb the “essential” solutes while allowing the 
“toxic and nonessential” solutes to escape or be actively 
secreted. 

3. Another very important feature of tubular reabsorption 
is the “transport maximum” (Tm), which is the maximal 
limit of renal reabsorbing capability of a substance. (It 
should be noted that the term Tm holds good not only 
for tubular reabsorption but also for tubular secretion) 
(Fig. 54.1). 

4. The physical basis of Tm is the saturation limit of the 
transporter (carrier) proteins. 


Afferent arteriole 


Efferent arteriole 


Glomerulus 
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Fig. 54.1: Filtration, absorption, and secretion in a nephron 
(schematic). 


Tubular Reabsorption 
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5. The Tm for reabsorption explains the unique ability oj 
the kidneys to allow even the essential substances t; 
be eliminated if they cross a certain physiological limi; 
called the “threshold” 


J DIFFERENT MECHANISMS OF NA* REABSORPTION 


Na’ reabsorption may be divided into: 
A. Reabsorption of Na* in proximal convoluted tubule 
(PCT) 
B. Reabsorption in thick ascending limb of loop of Henle 
C. Reabsorption in early part of distal tubule 
D. Reabsorption in late distal tubule and cortica: collecting 


duct. 


Na‘ transport in different parts of the nep!:ron takes 
place through the transcellular route, i.e. through the 
apical membrane, cytosol, and basolateral! «:.embrane 
of epithelial cells. However, Na* transport also occurs 
through a paracellular route where Na’ passes through 
the intercellular tight junctions between adjacent 
epithelial cells. 


A. Reabsorption of Na‘ in PCT: This is accomplished by 

three mechanisms: 

1. Na*-solute cotransport (symport) 

2. Na'-H'* antiport 

3. Na‘ transport by transcellular and paracellular 
routes in second part of PCT. 

|. Na*-solute symport: Symport is transport of mor 
than one substance by a carrier protein in the sam 
direction (Fig. 54.2), This mechanism explains 
reabsorption of glucose, amino acid, etc. in P a 
tubule. Here, the solute may be glucose, amino ack” 
para-aminohippuric acid (PAH), etc. Let us assume 
that the solute in consideration is glucose. 
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Fig, 54.2: Na*-solute (glucose) symport and Na*-H- antiport in 


proximal convoluted tubule. 


GLL72: glucose transporter-2; SGLT2: sodium-glucose cotransporter-2) 


a. 


It is actually a secondary active transport. 


», There are Na*-glucose cotransporter proteins in 


the luminal membrane of the tubular epithelial 
cell, while in the basolateral membrane, there 
are Na*-K*-ATPase molecules. 


.. The Na*-K*-ATPase molecules split adenosine 
triphosphate (ATP) and activated by the released | 
energy, they pump Na‘ ions from the interior of | 


Cu 


In the first half 
“la sod 


anspor 
"US through 


the epithelial cell to the interstitium in exchange 
of K’ ions. 


. Asaresult, Na* concentration inside the epithelia! 


cells becomes low and a steep concentration 
gradient of Na* is created across the lumina! 
membrane of epithelial cells. 


the concentration gradient via Na’-glucose 
symport. 


! 
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. Na’ ions now enter the cell from the lumen along 


. The entry of Na’ ions (as they are cations) is 


further facilitated by electrical gradient directed — 
toward the cell interior. This is because the cell 


interior is electrically negative. 


gradient, not only help in absorption of Na’ but 
they also simultaneously transport glucose, even 
against a concentration gradient. Thus, this is an 
example of secondary active transport. 


| of PCT, Na’-glucose symport occurs 
'um-glucose cotransporter-2 (SGLT2) which 
ts Na’ and glucose in }:1 ratio. Here, glucose 
the basolateral membrane via glucose 


"ansporter.9 (GLUT2). 


a 


- The forces due to electrical and concentration | 
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In contrast, Na*-glucose symport in second half of 
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PCT occurs via SGLT1 which transports Nev and glucose 
in 2:1 ratio while glucose exits through the basolateral 
membrane via GLUT. 


2. Na’-H’ antiport (Fig. 54.2): This also explains how 
HCO. is reabsorbed. 


a. 


This mechanism is essentially similar to the 
previous mechanism. An important difference 
is that, this is an antiport. Thus, H* inside the 
epithelial cellis counter transported (transported 
in the opposite direction) into the lumen in 
exchange of Na’ ions entering the cell. 


. In other words, in Na*-solute symport, for every 


Na’ entry, one glucose or amino acid molecule 
entered the cell in the same direction. In contrast, 
in Na*-H~ antiport (countertransport), for every 
Na’ entry, there is concomitant exit of one H” 
from the cell into the lumen. 


. The energy is provided by basolateral Na*-K-- 


ATPase molecules as in the Na“-solute symport 
mechanism. 


. The H* secreted from the tubular cel! into the 


lumen, is produced by breakdown of carbonic 
acid(H,CO.) which dissociates into H" and HCO, . 
H,CO, is formed by combination of carbon 
dioxide (CO,) with water. Both reactions are 
catalyzed by intracellular carbonic anhydrase. 


. The secreted H” helps in the HCO, reabsorption 


in the following way: 

2 The H~ secreted into the tubular lumen 
combines with filtered HCO, 

2 The reaction is catalyzed by carbonic 
anhydrase molecules present in the brush 
border of tubular epithelium. The combination 
of H’ and HCO, ions produces H.CO. which 
dissociates intoCO,andH,.O. 

) Carbon dioxide, being readily diffusible across 
cell membrane, enters epithelial cell. 

there, it combines with water to form H.CO_ 
(this reaction is catalyzed by intracellular 
carbonic anhydrase). 

)» Carbonic acid dissociates into H> and HCO. 
inside the cell. This HCO, is transported to 
the interstitium (extracellular space) while 
the H’ is secreted into the tubular lumen via 
Na’-H’ antiport. 

Thus, HCO, is not directly reabsorbed from 
tubular lumen. The HCO. molecules that 
are ultimately reabsorbed from the cell, are 
actually replaced or substituted molecules 
rather than the same HCO. molecules which 
were present in the lumen. This is known as 
reclamation of HCO. 
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In first part of PCT. transepithelial voltage ts lumen- 
negative. So. Na‘ ions tend to “backleak” from blood 
(interstitial space) to lumen. In fact. one-third of Na° 
sons that have entered from lumen to interstitial space via | 
rranscetiular route. leak back to lumen via paracellular | 


However, Cl anions pass from lumen to blood via 
the paracellular route in the first part of PCI, driven by © 
the humen-negative transepithelial voltage- 

* Transport by transcellular route in the second | 
part of PCT: In the second part of PCT, Na 
reabsorpuon occurs through both tanscellular and — 
paracellular pathways. Mechanism of Na ansport | 
in the transcellular pathway is a bit complex. 

Here. Na- ions are reabsorbed into the epithelial | 

cells via Na--H- antiport present in the luminal | 
membrane. | 

Ar the same time, Cl ions enter through the » 

luminal membrane of epithelial cells. This requires | 
2 Cl-anion exchanger which extrudes anions inio > 
the lumen from the epithelial cell in exchange of © 
Cl ions. The H- ions extruded by the Na’-H- antiport 
now combine with these anions in the lumen to 
form an H--anion complex. This H--anion complex, 
however, reenters the epithelial cell and dissociates 
to provide the H- ions and anions to maintain the | 
continued uptake of Na and Cl from the lumen. 
_ Paracellular transport in the second part of PCT | 
(Ct-driven Na” transport): Tubular fluid contains © 
mainly two anions—HCO, and Cl. HCO, is— 
mostly reabsorbed in the first part of PCT. Due to © 
this preferential reabsorption of HCO, in the first — 
part of PCT, Cl/HCO, ratio is much increased in | 
the second part. Thus, [CI] in second part of PCT © 
is significantly increased (140 mEq/L) relative to © 
_ the interstitial [Cl] (105 mEq/L). As a result, CI is 
transported through the tight junctions between — 
epithelial cells (paracellular route) down the | 
concentration gradient. The passage of anions — 
through the intercellular space creates lumen- | 
positive voltage. This causes Na” wansport through 
paracellular route. As Na’ ions follow CI ions, it is 
called Cl -driven Na’ transport. On the whole, in 
PCT, two-thirds of Na’ ions are reabsorbed through | 
transcellular route and the one-third of Na’ ions are | 
reabsorbed through paracellular route. 3 
_ Peritubular factors: The earlier processes of | 
transcellular Na’ reabsorption describe the | 
mechanisms of Na’ transport from tubular lumen — 
into the tubular cell. Ulumate absorption of Na’ into | 
peritubular capillary blood includes two more steps: 
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tubular cell occurs through basolatera; mn 
ATPase of tubular cell. = 
b. Absorption of Na* from interstitial space ;_. 
peritubular capillary blood occurs by SOhye. 
drag (see below). | 
Mechanism: Peritubular capillary hydros:,. 
pressure is about 13 mm Hg whereas inters::... 
hydrostatic pressure is 6 mm Hg, So, a net hydrosrz.. 
pressure gradient of 7 mm Hg is tending to drive 
duid from peritubular capillary to interstitial fy, 
Again, peritubular colloidal osmotic pressu. . 
about 32 mm Hg and interstitial colloid osmon, 
pressure is about 15 mm Hg. So, a net colloidg 
osmotic pressure of 17 mm Hg is tending to dra, 
fluid into peritubular capillary from interstitial fing 
Thus, a net pressure of 10 mm Hg normally drive, 
fluid from interstitial space to peritubular capillary, 
This flow of fluid also draws solutes such 2s Nz 
solvent drag from interstitial fluid into perimubulzr 
capillary blood. 
Alteration in peritubular factors affecting Ne 
reabsorption: The two peritubular factors affecting 
Na- reabsorption are: (1) peritubular capillary 
hydrostatic pressure and (2) peritubular capillar; 
oncotic pressure. These two factors in‘luence Na 
reabsorption in PCT in the following w= 
a. When there is decreased plasma \>-ume 484 
result of low (Na*) concentration, 04° receptors 
in the afferent arterioles of renal ¢ »merull are 
not stretched to a normal! degree. °s 2 result 
sympathetic tone in kidneys is retle«. increased 


and there is constriction of afferent 2nd efferent 
arterioles. This causes decreased peritubular 
capillary hydrostatic pressure. 


b. The decreased plasma volume leads *» increased 
plasma oncotic pressure which, in tum, leads 10 
increased peritubular oncotic pressure. 

Both (a) and (b) lead to increased absorpuos 
of fluid from peritubular space into peritubular 
capillaries. In consequence, there !s increased 
reabsorption of solutes like Na’ 1° the 
peritubular capillaries, by solvent drag. 


B. Reabsorption of Na’ in thick ascending limb of loop 


of Henle (Fig. 54.3): Reabsorption of Na’ !5 thick 
ascending limb of loop of Henle is a secondary active 
transport like that in PCT. The main difference 's that 
Na’ is transported by a Na’-K’-2C! transporter? 
the luminal membrane, which transports | Na’! 

and 2 Cl molecules in the same direction—fro™ the 
lumen to cell interior. Na’-K’-ATPase at the basolat 

membrane powers the cotransport, ie. produces the 
concentration gradient of Na’ which is essential fof the 


transport process. 
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9 $4.3: Na’ reabsorption through Na‘-K'-2Cl° transporter in 
i thick ascending limb. 


rhe reabsorbed K’ ions pass back to the lumen 
sprough ROMK type K* channels in the apical 
membrane. The Cl ions move into the interstitium 
‘y:ough CICNKB type Cl’ channels helped by a 
»prane protein called Barttin. 


pefe. (a) Na*-K*-2 Cl transporter protein, (b) ROMK 
e] protein in the apical membrane, (c) CICNKB 


ne 
: _ el, or (d) in barttin due to gene mutation 
lead condition called Bartter’s syndrome. In this 
con there is diminished Na’ reabsorption leading 
toN hypovolemia, activation of renin-angiotensin- 
aido += ne. axis which results in hypersecretion of renin 


and.  ‘erone. Alkalosis and hypokalemia also coexist. 


| Smellular Transport in Thick Ascending Limb 


Thee. K* channels allow K* ions to re-enter the tubule 
lume this leads to lumen-positive transepithelial 
Voltas \s a result, Na’ ions along with other cations like 
K’, Ca, and Mg” pass from lumen to blood along the 
parace!iular route. 

Thus, in the thick ascending limb, half of the Na‘ ions 
¢teabsorbed through transcellular route and the other 
half is reabsorbed through paracellular route. 


C 





-Reabsorption of Na‘ in early part of distal tubule: 
Here also, basolateral Na‘-K*-ATPase produces a 
‘oncentration gradient of Na‘ across the luminal 
membrane. As a result of this, the Na‘-C] cotransporter 
Protein present in the luminal membrane transports 
: and Cl ions into the cell interior from the lumen 
along the electrochemical gradient. 

ae Ption of Na‘ in late distal tubule and cortical 
aa duct: This is also intimately linked with K 

lon (Fig. 54.4). 
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Fig. 54.4: Na' reabsorption in principal cell in late DCT and cortical 
collecting duct. H' secretion via H'-ATPase in intercalated cell is 
also shown. 


The reabsorption of Na‘ in principal cells of late distal 
tubule and cortical collecting duct is slightly different 
from the earlier mechanisms. Here, in response to 
electrochemical gradient, Na* ions from the tubular 
lumen enter the epithelial cell through Na‘’-channels 
and not through transporter proteins. Entry of Na* into 
the cell facilitates the exit or secretion of K* ions through 
separate K* channels into the tubular lumen from the 
cell. The Na'-channels are amiloride-inhibitable type 
and are under the influence of aldosterone. 


FUNCTION OF THE DISTAL TUBULES AND CORTICAL 
COLLECTING DUCT 


1. The distal tubule has an initial segment (early distal 


tubule) which is impermeable to water similar to the 
thick ascending limb (the macula densa lies in the very 
beginning of this segment). 


. In early distal tubule, there is absorption of Na’ and 


Cl through a Na'-Cl symporter in a secondary active 
transport, powered by Na'-K'-ATPase present in the 
basolateral membrane (already mentioned). Thiazides 
inhibit this Na'-Cl symporter. 

As ions are absorbed unaccompanied by water, this 
segment is called “diluting segment” So, fluid in this 
segment is hypotonic. 


. The late distal tubule and the cortical collecting duct 


have similar functions, They contain two types of cells: 
(1) “P" cells and (2) “I” (intercalated) cells (Fig, 54.4), 


. “P" cells reabsorb Na’ ions and secrete K' ions, under 


the influence of aldosterone. A basolateral Na'-K*- 
ATPase reduces intracellular (Na') concentration and 
paves the way for Na’ entry through Na’ channels in 
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5, Na' reabsorption is linked to important fy 


the luminal membrane. K' ions first enter inside the 
cell from blood via the Na’-K'-ATPase pump and then 
they are secreted into the lumen along concentration 
gradient via K’ channels. 


1" cells secrete H’ ions into the tubular lumen through 


an H*-ATPase pump. The H' ions are derived from the 
hydration of CO, and dissociation of H,CO,. For each 
H’ secreted, a HCO, ion enters the blood through the 
basal membrane. Thus, “I” cells play an important role 
in acid-base balance. 


. These two segments of nephron are permeable to water 


subject to the action of antidiuretic hormone (ADH). 
However, they are impermeable to urea. 


7. The medullary collecting duct is the distal portion of the 


collecting duct which ultimately drains into the pelvis of 

the kidney at the apex of renal pyramid. The medullary 

collecting duct has three functions: 

a. Itreabsorbs water depending on ADH concentration. 
Thus, it can produce hypertonic or hypotonic urine as 
required by the body to maintain plasma osmolality. 

b, Itreabsorbs urea when urea concentration increases 
with water reabsorption. Urea reabsorption is also 
influenced by ADH. 

c. It can secrete H' ions (similar to cortical collecting 
duct) and thus, plays a role in acid-base balance. 


SODIUM BALANCE AND REGULATION OF EXTRACELLULAR 
FLUID VOLUME 





Na’ balance depends on the matching between salt 
intake (through ingestion) and salt output (through 
excretion of urine, sweat etc.). Usually, under normal 
conditions, our daily dietary salt intake greatly exceeds 
obligatory salt loss in feces and sweat. So, to maintain 
sodium balance, salt excretion in urine should be ad- 
equate and tightly regulated (one should note that as 
Na’ ion in our body is usually accompanied by CI ion, 
Na’ intake or excretion is generally termed salt intake 
or salt loss). 


. In the extracellular fluid (ECF), Na‘ is the main osmotic 


particle and it retains water osmotically, Thus, ECF 
volume depends on ECF Na‘ concentration. As ECF 
volume is linked to plasma volume which determines 
BP, Na’ concentration influences ECF volume, plasma 
volume, and BP. 


. As mentioned earlier, well-regulated Na‘ excretion 


(which takes place mainly through the kidneys) is 
essential for maintaining Na’ balance. Na‘ excretion 
depends on the difference between two factors: (1) Na‘ 
filtered in the glomeruli and (2) Na‘ reabsorbed. 


. Nearly 67% of the filtered Na‘ is reabsorbed in proximal 


tubule, 25% is reabsorbed in loop of Henle, and 8% is 
reabsorbed in distal tubule and collecting duct. 
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ACtin,, 
in different parts of the renal tubule, Thy, 
reabsorption is linked to transport of glucose. » Na 


‘ at); , 
acid, Cl, urea, and H,O, etc. in proximal tubule m 


. Na' reabsorption in the ascending limb of loop Of He. 


along with Cl transport, is linked to countercy;,, 
multiplication which is an essential step in maintain... 
medullary osmotic gradient. ” 


. In distal tubule and collecting duct, Na’ reabsorpy,. 


is controlled by hormones such as aldosterone Thic 
plays an important role in the maintenance of Ecr ~ 
plasma volume and this act as a long-term regulator 
arterial blood pressure. 


. It should be noted that ECF volume depends on y;. 


content of the body and not on Na* concentration. 


. When there is increased Na’ intake, plasma Osmolalip, 


and Na* concentration increase. Provided thir. 
and ADH mechanisms are intact, this would lead to 
increased absorption of water and Na’ concentrtioy 
is brought back to normal. However, the ECF volumes 
increased, which is proportionate to body Na‘ content 
Conversely, low body Na* content will lead to low ECE 
volume. 
Thus it is apparent that ECF volume is regulated by 
factors that control body Na* content. Hypovolemia (law 
ECF volume) caused by low Na* content, is «orrected by 
factors which cause Na* and water retention whereas 
hypervolemia (high ECF volume) caused oy high Na 
content, is corrected by factors which enh«:\ce Na’ and 
water excretion. 
In practice, ECF volume is regulated by {tors which 
regulate effective circulating volume (!\’). ECV is 
the fluid inside the vascular compartment and itis 
proportional to tissue perfusion pressure (fullness o! 
blood vessels). | 
Normally, ECF volume has a parallel! relationship 
with ECV (exceptions are conditions like heart failure 
which has alow ECV compared to a high ECF volume}. 
So under ordinary conditions, ECF volume can be 
effectively regulated by factors which control ECV. 
Effective circulating volume has several sensors. Ihes¢ 
volume sensors include: 
a. Low pressure baroreceptors—present in atria an’ 
pulmonary veins - 
b. High pressure baroreceptors in carotid sinus, 40! tit 
arch, and juxtaglomerular cells in the kidney. 
Stimulation of these volume sensors regulates ECV: 


; ium 
. Effective circulating volume as well as body sodiu 


content (see earlier) are regulated by mechanist™ 
which act through: 

a. Glomerular filtration rate (GFR) changes 

b. Aldosterone mechanism 
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encreased GFR. 
nise in ECV, acting through the baroreceptors, 


re 


decreases sympathetic tone to the kidneys. This | 
sjates afferent arterioles, which (a) increases renal | 


body sodium content and ECV (see | 


| Qsein ECV decreases plasma oncotic pressure. So, | 
sigmerular capillary oncotic pressure decreases | 
- nd this leads to rise in net filtration pressure and 


ae AF Ss SE 


~i3sma flow, and (b) increases glomerular capillary | 


~ydrostatic pressure. Both these effects cause an | 


-rease in GFR. 

The increased GFR can cause a rise in Na- and 
‘er excretion, which restores ECV and body Na" 
‘tent to normal. 
‘erone mechanism: 
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rs BP, which stimulates intrarenal baroreceptors 
.xtaglomerular cells of afferent arteriole in the 
‘ey, resulting in increase in renin secretion (low 
2ads to increased sympathetic activity which 
sumulates renin release). 
-n acts on plasma angiotensinogen to produce 
-otensin I. Angiotensin I is converted to 
-otensin II by angiotensin-converting enzyme 
-E) in pulmonary capillary endothelium. 
sotensin II stimulates secretion of aldosterone 
1 Zona glomerulosa of adrenal cortex. Aldosterone 
~-mulates reabsorption of Na’ along with water from 

“Stal convoluted tubule (DCT) and collecting duct. 

_ _ %» ECV and body Na’ content are increased. 

- Sympathetic activity: Low ECV leads to low BP, which 
“Umulates sympathetic nerves through baroreceptor 
reflex. As a result: 

« Increased sympathetic activity causes constric- 
von of afferent arterioles of kidney leading to alow 

GFR. This results in Na’ and water retention. 
> Increased sympathetic activity stimulates secre- 

. ,_ “on ofrenin (see earlier). 

| a —— iI: Angiotensin II itself also stimulates Na‘ 
_. Puon from PCT, This helps in conserving body 
~ Content. 
san Sue peptide: When ECV is high, there 
iva; istension and ANP is secreted from atrial 
| €s. ANP increases Na* and water excretion 


'OM the kidney hy, tn hits: Na* 
"absorption by inhibiting P-cell-mediated Na 


Be 


body Na’ content leads to low ECV. Low ECV | 


ee 
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Conversely, low ECV — No ANP secretion — Na‘ and 
water are retained. 


- Peritubular factors: When ECV is high. peritubular 


capillary hydrostatic pressure is high and peritubular 
capillary oncotic pressure is low. Both these factors 
lead to decrease in absorption of water from interstitial 
space into peritubular capillaries. Thus, interstitial fluid 
accumulates and interstitial fluid pressure increases. 
This diminishes Na* and water reabsorption in PCT. So, 
there is increased excretion of Na* and water. 


ANP is secreted from the atria in response to increased 
plasma volume which causes atrial distention. It causes 
nattiuresis and diuresis (excretion of Na“ and water in 
urine). ANP activates cyclic guanosine monophosphate 
(cGMP) which closes Na~ channels in the luminal 
membrane of cells in the collecting duct. This decreases 


Na* 


reabsorption and causes natriuresis. 


lis other actions are- 


a. 
b. 


Cc 
d. 


Inhibition of renin secretion 

Inhibits secretion of aldosterone from adrenal cortex 
Inhibits secretion of ADH and antagonizes its actions 
Increases GFR and thereby promotes Na* and water 
excretion. ANP causes vasodilation of afferent 
arteriole and vasoconstriction of efferent arteriole. 
This increases glomerular capillary hydrostatic 
pressure resulting in increased GFR. 

Acts on mesangial cells removing “kinks” in the 
glomerular capillaries. This increases effective 
filtration surface area and raises GFR. 


It has been observed in experiments that when GER 
is kept constant and aldosterone level is normal. (Le. 
the first two regulating factors are not operating) an 
increase in Na’ and water load still leads to significant 
Na* and water excretion. This is ascribed to be due to 
third factor effects. C, D, E, and F mentioned earlier. al! 
contribute to these third factor effects. 


COMPENSATORY EFFECTS IN HYPOVOLEMIA 
AND HYPERVOLEMIA 


In hypovolemia (low ECV), there is increased release of 
ADH, renin, and sympathetic stimulation. 


a, 


b. 


Antidiuretic hormone conserves water by 
water reabsorption from collecting tubule. 
Renin stimulates secretion of angiotensin ]] and 
aldosterone. Angiotensin II promotes Na‘ and water 
reabsorption from proximal tubule. Also, it constricts 
afferent and efferent arterioles and reduces GER. 


promoting 


EE 


: 


__330 Section 7: Excretory System - 


Reduction in GFR promotes Na‘ and water retention. | bh. Atrial natriuretic peptide is released from the Mt, ,. 


Aldosterone stimulates Na’ and water reabsorption it promotes Na’ and water excretion, 
c, Peritubular factors play an important toje «. 


from distal nephron. 

c. Sympathetic stimulation also contributes by causing ECV leads to low plasma and peritubulay Cary % 
afferent and efferent arteriolar constriction resulting oncotic pressure and increased peritubular se 
in low GFR and consequent salt and water retention. hydrostatic pressure. These two factors letras « 

In contrast, in hypervolemia (high ECV): and water reabsorption in PCT resulting in incre, 

a. There is suppression of renin, aldosterone, and ADH. Na’ and water excretion. me 


This leads to increased Na* and water excretion. 


|. K* ion is an important intracellular cation which helps in maintaining resting membrane potential (RMP, x », 
norma! level. At the same time, the ECF K* concentration which is normally about 4 mEq/L has to be keps wiem. 
normal limits. This is because hyperkalemia leads to diminished (less negative) RMP resulting in hyperexcisabile, 
of nerves and muscles. Conversely, hypokalemia leads to more negative RMP (hyperpolarization) resulting 
diminished excitability and paralysis. 

2. Regulation of K’ balance has two aspects. An immediate rise in K’ concentration, which may occur following 2 mea 
is neutralized by transfer of K’ into the cells. This constitutes “internal K’ balance” Several hormones play an acts 
role in this transfer of K’ between ECF and intracellular compartment. These hormones are insulin, -crenaline 
and aldosterone. 

3. Several other factors may upset the normal K’ balance through transfer of K° between ECF and intrace ular that 

(ICF). These are: 

a. Acid-base imbalance: A raised (H*) concentration in ECF (acidosis) stimulates K° exit from ce) cading & 
inyperkalemia. | 
Conversely, alkalosis leads to hypokalemia. 
The probable mechanism is movement of H’ ions into or out of the cell along concentration grad. ocromece 
membrane and subsequent movement of K’ ions in the opposite direction (H’-K* exchange). 

b. Change in osmolarity: When the ECF is hyperosmolas, water goes out of cells leading to ce = rinkage 
and intracellular (K*) concentration is raised. This is followed by exit of K’ ions from cellto £0) eading ® 
hyperkalemia. In hypo-osmolarity, opposite changes occur. 

c. Cell lysis: Lysis of cells due to injury, burns, etc. cause hyperkalemia due to outpouring of K° ions int) /CE from 
damaged cells. 

d. Exercise may also temporarily raise plasma (K’) concentration by releasing K’ ions from skeletal nie. 

_ The second type of K° balance or external kK’ balance is maintained by secretion/reabsorption of K uns 1 

kidneys. 

In the kidney, 67% of the filtered K* is absorbed in the PCT and 30% is absorbed in thick ascending limb 
Henle’s loup. But the DCT and collecting ducts containing the “P” and “!” cells exert the most powerful influen 
on external K balance by controlling K* secretion and reabsorption. 

As mentioned already, “P” cells reabsorb Na’ ions and secrete K* ions, under the influence of aldostetoo® ° 
basolateral Na’-K’-ATPase reduces intracellular (Na’) concentration. This paves the way for Na’ entry tious? = 
channels in the juminal membrane. 

K’ ions first enter inside the cell from blood via the Na’-K’-ATPase pump. Then they are secreted into the ume 
along concentration gradient via K’ channels. “1” cells which secrete H’ ions, may reabsorb K’ ions by H’-K -ALPa 
it should be noted that K’ and H’ secretion have an inverse relation. 

5. The factors influencing K’ secretion from the kidney are: 

a. Plasma (K°) concentration: Rise in plasma K’ concentration (hyperkalemia) increases K* secretion due 
. Stimulation of Na’-K°-ATPase which raises intracellular K’ concentration. This increases the K’ gr@!" 
across luminal membrane, which favors K’ secretion. 
¢ Hyperkalemia increases the permeability of the Juminal membrane w K° ions. 
¢ Hyperkalemia stimulates secretion of aldosterone which promotes K’ secretion, 
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aldosterone: Aldosterone promotes K' secretion by: 
 mereasing the number of Na’-K*-ATPase molecules, 
» Increasing the permeability of luminal membrane to K' ions. 
» Increasing the Kk’ gradient across the luminal membrane. 
tubular flow rate: If the K* ions secreted into the tubular lume 
"minal membrane decreases. This results in diminished K: 
events this and promotes K’ secretion, 
extracellular fluid pH: Acidosis reduces K* 
secretion by: 
» Inhibiting Na*-K*-ATPase. 
» Decreasing the permeability of K* ions across the luminal membrane. 
Tubular fluid (Na* ) concentration: Rise in tubular fluid 


dl 
— 


n are allowed to accumulate, K* gradient across 
secretion. Increase in flow rate of tubular fluid 


oa. 


secretion while alkalosis has the opposite effect. Acidosis reduces K” 


(Na*) concentration > Na‘ ions enter into P cells through 
\uminal membrane and stimulate Na*-K*-ATPase —» rise in intracellular (K*) concentration > rise in K* secretion. 


¢ Since Na’ reabsorption is coupled to K+ secretion, primarily due to the action of Na*-K*-ATPase, increased Na* 


ion reabsorption in cases of Na* depletion, low ECF volume or a fall in BP, may cause concomitant hypokalemia 
due to excessive secretion of K* ions. 


> Kk‘ ions are secreted into tubular lumen in distal and collectin 


g tubules, mainly due to the action of Na-K-- 
' sTPase in the basolateral membrane. 


since Na*-K*-ATPase is present in the basolateral membrane in all parts of renal tubule, it may seem surprising that 


Kjos are secreted only in the distal and collecting tubules. 


| 


7, - is explained by the fact that K* channels which allow K* secretion through the luminal membrane are present 


only, ‘istal and collecting tubules and not in other parts of the renal tubule. 


| herlocations, K* channels are present in basolateral membrane and they allow K* ions that have been pumped 


into’ ell by Na*-K*-ATPase, to move out of the cell into interstitial space. Thus, K* ions are recycled through the 
baso. al membrane in these areas. 


[cli & REABSORPTION (FIG. 54.5) 
li 
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"The plasma glucose level at which the filtered glucose 


4 
eé 
° ° ‘ vw S & 
sorption of glucose molecules across epithelial S vs 
. ‘ O 
cc iave already been explained. Glucose reabsorption or 


is «ited to PCT only. 
I’ -eabsorptive capacity of the tubules for glucose 
he: «maximum upper limit. This is known as transport 
maamum for glucose (TmG). Its value is approximately 
375 mg/min, 

Ii the filtered load of glucose exceeds TmG, un- 


absorbed glucose is excreted in the urine leading to 
glycosuria. 
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Mass reabsorbed 


f 
‘ »—— Theoretical renal threshold 


Mass reabsorbed/excreted/filtered 


€quals the TmG is called renal threshold of glucose Plasma glucose concentration 
because higher blood level causes glycosuria (thus, 
renal threshold can be defined as the plasma level of a 
Particular substance, which, when exceeded, leads to 


Fig. 54.5: Renal threshold of glucose and splay. 


qT te ae 
4PPearance of that substance in the urine). SO, 100 x 125 mg/min = TmG = 375 mg/min fas at 
Suppose, renal threshold of glucose is: renal threshold, filtered load = TmG] 

T ng/100 mL T T 375, 

= —— mg/mL Or, —~- = ——=3me/100 mL 

100 8! 100 125° 

>iNce, GER = 125 mL/min, at renal threshold, filtered Or, T=3 x 100 = 300 mg/100 mL. 

load = iw x 125 mg/min 4, However, in actual practice, we find that in arterial 


blood, renal threshold of glucose is 180 mg/100 mL. 
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This discrepancy can be explained by a phenomenon 
called “splay” (Fig. 54.5). 

When the plasma glucose level (in X-axis) is plotted 
the curve obtained 


against glucose excreted in Y-axis, 
point of renal 


ideally should have an acute bend at the 


threshold. 
But, in practice, this acute bend is replaced by 


a rounded contour. This is known as splay effect. It 
implies that renal threshold or TmG is not sharply 


demarcated. 


. This is explained in two ways: 


a. The TmG of individual nephron varies and some 
nephrons have low TmG. 

b. The glucose transport is carrier-mediated and its 
saturation kinetics do not allow all the available 
glucose molecules to combine with all the carrier 
proteins simultaneously. As a result, the glucose 
binding capacity becomes practically saturated 
even though TmG is not reached. So, glucose 
comes out in the urine at values lower than TmG 
and the renal threshold, in practice, is lower than 
the theoretically calculated value. 


f UREA REABSORPTION 
1. 50% of the filtered urea is reabsorbed in PCT. However, 


urea concentration in the lumen does not decrease. On 
the contrary, it is increased to some extent as 67% of 
filtered water is reabsorbed in PCT. 


_ The urea descends through the descending limb of 


loop of Henle. In the thin limbs of both descending and 
ascending limbs of loop of Henle, urea is added to the 
bular lumen from medullary interstitium. 

rea then passes through the remaining part of 
ephron. During its passage through late distal 
tubule, cortical collecting duct and outer medullary 





Phe 


collecting duct, it is concentrated to a cong 
extent because water is reabsorbed in these 
under the influence of ADH but ADH does notines, 


t 


permeability of urea in these segments. So, ured ig 
reabsorbed and urea concentration rises considers, 


t 


s 
/ 


. However, in inner medullary collecting duct, yo. 
dix 


normally permeable across the tubular epithe; 
and this permeability is enhanced by ADH. So, . 
moves into medullary interstitium from the ttibs 
lumen down a concentration gradient. Urea transpon.. 
facilitated by UT-A1 in the apical membrane and {jy ,. 
in basolateral membrane of tubular epithelial cejj ,y- 


_» urea transporter protein). 


. This urea now contributes to its high concentray;, 
iH 


in the inner medulla. The cyclic movement of y:-. 
(medullary interstitium — thick ascending limb, ea, 
and late DCT, outer medullary collecting duct = inne. 
medullary collecting duct > medullary interstitium); 
known as urea recycling. 


. Repeated recycling of urea helps in increasing cop. 


centration of urea in the inner medulla and medullay 
interstitium, as it is concentrated more and more ip 
each cycle. Note that the late distal tubule, cortical ang 
outer medullary collecting duct act as urea concenta- 
ing segments of renal tubule and ultimately, this helps 
in achieving high urea concentration in inner medulla 


. In fact, urea achieves an osmolality of 600 mOsmol 


kg and thereby it constitutes half of the maximum 
osmolality (1,200 mOsmol/kg) in the deepest part of 
renal medulla. This is useful for achieving very high 
osmolality (1,200 mOsmol/kg) in the deepest part of 
medullary osmotic gradient. 


. Concentration of urea in collecting duc: is useful t0 


the body because urea is a major excretory product. 
So, concentration of urea helps in its disposal with 
relatively low volume of water. 








gre MEDULLARY OSMOTIC GRADIENT 
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The osmolality of the medullary interstitium gradually 
‘ncreases With increase in depth with the highest 
olality (1,200 mOsmol/kg) found in the deepest 
of the medulla (near the apex of the renal 
jids). 
smolality at the corticomedullary junction is 
» al (300 mOsmol/kg). Thus, an osmotic gradient 
,  ut900 mOsmol/kg is formed in the medulla. 
| .echanism of production of this osmotic gradient 
|. ugh operation of countercurrent multipliers and 
e ngers. 
| ype of hyperosmotic medullary interstitium is 
f. | onlyin birds and mammals. Only these animals 
h. ‘he power to concentrate urine because they have 
m- ullary osmotic gradient. 
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~ .COUNTERCURRENT MULTIPLICATION (FIGS. 55.1A TO H) 
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The long loops of Henle of the juxtamedullary nephrons 
are known as countercurrent multipliers. 


. Huid flows in opposite directions in the two parallel 


limbs of Henle’s loop connected below by a hairpin 
bend. Thus, a countercurrent system Is formed. 

The descending limb of loop of Henle is permeable 
\o water but impermeable to solutes. The ascending 
limb of loop of Henle, on the other hand, is strictly 
impermeable to water but permeable to solutes. 


The thick segment of the ascending limb actively 


ansports NaCl from the lumen into the interstitium 
Via the Na*-2CI--K' symporters. The thin segment of the 
“scending limb, like the thick segment, transports NaCl 
” the interstitium. However, in this portion, the process 
IVolved is Passive diffusion and not active transport as 
*¢Curs in thick ascending limb. 


Concentration of Urine 








Figs. 55.1A to H: The continuous process of countercurrent 
multiplication has been divided into several hypothetical steps. 
Arrows in B and E show movement of solutes from ascending limb 
while arrows in C and F show movement of water from descending 
limb, resulting in changes in osmolality. D and G show movement 
of fluid (into the descending limb, round the hairpin bend and out 
of the ascending limb). H shows the final outcome after repetition 


of the previous steps. 
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_ As the passage of NaCl 


_ The medullary interstitium, 


. This hyperosmo 


_ The sequence of events is 


— 
—— >t 


-_—— 


from the lumen of ascending 
rstitium 1s unaccompanied 


nding limb becomes 
ation of a transverse 
etween the 
fluid in the 


limb to medullary inte 
by water, the fluid in the asce 
hyposmotic. Thus, there is form 
osmotic gradient of about 900 mOsmol/kg b 


fluid in the medullary interstitium and the 


ascending limb. | 
which is now hyperosmotlc 


(due to accumulation of solutes transported from 
ascending limb) draws out water osmotically from the 
descending limb. The descending limb is permeable 
to water. Thus, the fluid in the descending limb by 
equilibrating with medullary interstitium becomes 


hyperosmotic. | 
tic fluid from descending limb turns 


round the hairpin bend to enter into the ascending limb. 
The whole process is repeated, multiplying the effect. 
like this: The hyperosmotic 
fluid in the lowest part of the descending limb 
equilibrated with hyperosmotic medullary interstitium 
comes to the ascending limb — more NaCl will be 
transported into the interstitium —> the interstitium will 
be still more hyperosmotic and will draw more water 
from the descending limb — the descending limb will 
be still more hyperosmotic. 

This multiplying process causing increasing 
osmolality in the deeper parts of countercurrent loops 
of Henle is called countercurrent multiplication. 


_ Now, fluid from the proximal convoluted tubule (PCT) 


of normal osmolality (300 mOsmol/kg) continuously 
enters into the descending limb. This dilutes the 
hyperosmolality in the upper part of the descending 
limb. The osmolality of the adjoining medullary 
interstitium also becomes lower due to equilibration 
with osmolality of fluid in the descending limb. 
Also, as the hyperosmotic fluid moves up in the 
sending limb gradually losing NaCl, the osmolality of 
id in the ascending limb gradually decreases (from 


"below upward). 


As a result of all these factors occurring during the 
countercurrent multiplication process, the medullary 
interstitium will finally show a vertically increasing 
osmotic gradient from the corticomedullary junction 
to the apex of the pyramid. 

The sequence of changes in osmolality is shown in 
the hypothetical diagram (Figs. 55.1A to H) and needs 
careful study. 


Mf ROLE OF UREA 


hi 


Out of the 1,200 mOsmol/kg of osmolality in the deepest 
part of the medulla, about 600 mOsmol/kg of osmolality 


is due to urea. 
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”, Urea 


1. 


- fe ee ee em Pr te, 


undergoes repeated recycling through » ~ 
es through inner medullary inter Ye; 
1) 


path which pass 
_y renal tubule extending from the thin ascend 
Thy 


of loop of Henle up to the inner medullary cojje,,, 
duct > medullary interstitium. a 
In the late distal tubule, cortical collecting die, . 
outer medullary collecting duct, antidiuretic hore. 
(ADH) induces water reabsorption but urea a; 


ability remains low. 
Asa result, urea concentration rises considerably 


Ng 


4. Intheinner medullary collecting duct, urea permeahj,. 


through the tubular epithelium is normally high 3... 
this is further enhanced by ADH. So, urea enter; i, 
medullary interstitum along concentration gradien, 
and this contributes to the high urea concentratigy , 
the medullary interstitum. . 
. Repeated recycling of urea further increases ure, 
concentration which reaches an osmolality of gq, 
mOsmol/kg. Thus, osmolality of the deepest part g; 
the medulla reaches 1,200 mOsmol/kg and this play; 


an essential role in concentration of urine. 


§ COUNTERCURRENT EXCHANGERS (FIG. 55.2) 


Vasa recta are called countercurrent exchangers. These 
blood vessels are branches of the efferent arterioles of 


juxtamedullary nephrons. 


2. They descend into the medullary interstitium parallel 


to loops of Henle and form hairpin bends at the 
apex of renal pyramids before turning back to the 


corticomedullary junction. 


3. They are completely permeable to water and solutes. 


Osmolarity 
(mOsmol/L) 


CORTEX 
OUTER 
MEDULLA 








Descending limb of vasa rec 


MEDULLA 





Ascending limb of vasa recta 


Fig. 55.2: Vasa recta. 
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« The 
* a deeper into the medulla, give off water and re 





o the long hairpin bend, circulation in the 
ta is essentially slow. 

ECL Ut Fs ; : . 

i descending limbs of vasa recta, as they go de 


vasa 


eper 
é ; Ceive 
colutes, in keeping with the Surrounding hyperosmotic 
medullary interstitium, So, the fluid they contain 
becomes increasingly hyperosmolar, 


_ gut when the vasa recta turn back and begin to ascend, 


water enters into them while solutes leave, again in 
Keeping with gradual decrease In Osmolality of sur- 
-ounding medullary interstitium. When the ascending 
jambs of vasa recta reach the corucomedullary junction, 
chev regain almost their original osmolality. 


thus, there is very little net gain or loss of fluid and 


<qlutes. So, the nature of blood flow of vasa recta helps 
in preserving medullary osmotic gradient (if the vasa 
recta were straight vessels instead of being U-shaped, 
hyperosmolar fluid would have drained out leading to 
loss of medullary osmotic gradient). 


_ In addition, the slow blood flow in vasa recta lying in 


the renal medulla, which is considerably slower than 
the blood flow in renal cortex, helps in preserving the 
medullary osmotic gradient. 


a. So, vasa recta have the following functions: 


2 They supply O, and nutrients to the renal medulla. 
» They help in preserving medullary osmotic gradient. 
(hey permit removal of excess water and solutes 
-om renal medulla. 
. last function of vasa recta is explained later (vide 
), 


‘TRATION OF URINE 
-entration: 
ace the medullary osmotic gradient is formed, the 
oject can now pass dilute or concentrated urine 
required with the help of posterior pituitary 
ormone—ADH. 
the subject is dehydrated, the plasma osmolality 
creases. As a result, the osmoreceptors in anterior 
/pothalamus are stimulated. This causes reflex 
ecretion of ADH, a hormone from the posterior 
pituitary. 

Antdiuretic hormone acts on V2 receptors present 

on cells in the collecting tubules. As a result, cyclic 

adenosine monophosphate (cAMP) is activated via 

a G-protein, 

_ Ultimately, water-channel proteins called aquapo- 
in-2 are inserted in the luminal membrane of the 
collecting tubules. 
this helps in reabsorption of water. 

- The hyperosmotic medullary interstitium draws 


‘N Water from the collecting tubule and urine is 
Concentrated. 


2 


4 
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6. ‘Thus, body water is preserved with an aim to correct 
the dehydration. 


At every transverse (horizontal) level, the osmolality of 
fluid in ascending limb of vasa recta, is slightly greater 
than that in the adjacent peritubular interstitial fluid 
which is again slightly greater than that in the adjacent 
descending limb, 

This is due to the small lag in equilibration between 
blood in vasa recta and adjacent peritubular fluid due to 
the velocity of blood flow. 

Meanwhile, it should be noted that the descending 
limb of loop of Henle and the collecting ducts are adding 
extra water to the medullary interstitium whereas the 
ascending limb of loop of Henle is adding extra salt. 

An important function of vasa recta is to remove this 
extra salt and water from the medulla which otherwise 
will dissipate medullary osmotic gradient. 

Mechanism: The oncotic pressure exerted by plasma 
proteins in the ascending vasa recta favors entry of water 
into it. This is added to the water drawn into the ascending 
vasa recta as the blood in the vasa recta move upward. 

On the other hand, the descending limb of vasa recta 
draws water into itself from the medullary interstitium 
due to oncotic pressure but water leaves this limb as this 
limb goes deeper into the medulla. Thus, one can see that 
water coming out of the descending limb of vasa recta 
into the medullary interstitium is less than the amount 
of water entering the ascending limb of vasa recta from 
medullary interstitium. Thus, the ascending vasa recta 
Carry greater amount of water out of the medulla. 

Again, due to the lag in equilibration, blood with 
a slightly greater osmolality (about 350 mOsmol/L) 
than the normal osmolality at the corticomedullary 
junction (300 mOsmol/L) goes out of the medulla via the 
ascending vasa recta. So, this blood carries some excess 
salt out of the medulla. 

This explains how the vasa recta carry extra salt and 
water out of the medulla. 


B. Diuresis (passage of increased volume of urine): 
In hypervolemia or in presence of excess water in the 
body, the reverse occurs. The sequence of events is: 
No ADH is secreted — the collecting tubules have no 
water channels inserted in their luminal membrane —> 
water is not reabsorbed — diuresis occurs which helps 
to excrete the excess water, 


; OBLIGATORY, OSMOTIC, AND FACULTATIVE 


REABSORPTION OF WATER 


About 180 L of fluid are filtered by the glomerulus every 
day. Out of this, about 178.5 L are reabsorbed with a daily 
urine output of only 1.5 L. 
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This huge amount of water is reabsorbed mainly tn 


three places: 
A. Obligatory reabsorption in the proximal tubules, 
B. Osmotic reabsorption in the descending limb of loop 
of Henle. 
C. Facultative reabsorption in the collecting tubules, 


6, UW should be noted that osmotie pressure 
peritubular capillary adjoining proximal tubule, 
very high as the Intravascular plasma pro 
concentrated due to filtration of large Amour 
water Into the glomerulus, This high OsMolapl muy 
peritubular capillary facilitates absorption Bric 
Into peritubular capitlary from interstieigs Sac, 
adjacent to proximal tubule, , 






A. Obligatory reabsorption: 





Fig. 55.3: Obligatory reabsorption of water in proximal convoluted tubule (PCT), (1) Basolateral Na'-K’-ATPase pumps Na’ Int 
intercellular space creating local hyperosmolarity. This draws water through both paracellular route, (2) and transcellular route. 
the latter, H,O passes through both luminal and basolateral membranes via aquaporin water channels, (4) water enters the 
capillary driven osmotically by the hyperosmolarity of peritubular capillary blood and hydrostatic pressure created by abun 
accumulation of water in lateral intercellular space (here, Na‘ is shown to be absorbed along with glucose via SGLT. 
absorption can take place in other ways through both cotransport and countertransport, (See text). 


In the proximal tubules, about two-thirds (67%) of 


the filtered solutes are reabsorbed. 


- Sodium is reabsorbed along with glucose, amino 


acids, etc. by secondary active transport. 


_ 67% of the filtered water is reabsorbed along 


with the solutes to maintain osmotic equilibrium 
(to keep osmolality at a constant level). Hence, 
this reabsorption of water is known as obligatory 
reabsorption. Here, water enters through both 
transcellular (across the cells) and paracellular 
(through the intercellular spaces) routes (Fig. 55.3). 


. As a result of the action of Nat-K'-ATPase at the 


basolateral membrane of proximal tubular cells 
(during secondary active transport of Na‘ in PCT), 
Na’ ions are present in high concentration in lateral 
intercellular space. The resultant high osmolarity 
draws water into lateral intercellular space by both 
transcellular and paracellular routes, 

In the transcellular route, water enters proximal 
tubular cells from tubular lumen following the 
osmotic gradient created by Na‘ reabsorption. 
Then it exits into the interstitial space through 
aquaporin-] water channels which, unlike 
aquaporin-2 in collecting ducts, are constantly 
open without requiring any hormonal regulation. 


6, Collectlon of water Into the lateral Interceljy, 

space In large amounts, a8 mentioned earl, 
increases local hydrostatic pressure which, togethe, 
with high osmolarity in peritubular capillary, driv. 
water into peritubular capillaries via interstitia 


space. 


. Osmotic reabsorption: In the descending lim} of 


loop of Henle, water is reabsorbed osmotically frp, 
the tubular lumen by the surrounding hyperosmotic 
medullary interstitium, This osmotic reabsorption of 
water accounts for about 20% reabsorption of filtered 
water. 


. Facultative reabsorption: 


1. In the collecting tubule, water is reabsorbed from 
the lumen across the tubular epithelium into the 
hyperosmotic medullary interstitium. However, this 
reabsorption of water is dependent on the action of 
ADH. 

2. Antidiuretic hormone acts on V2 receptors present 
in the cells of the collecting tubules, activates cAMP, 
mobilizes aquaporin (aquaporin-2) molecules 
(water channels) to the luminal membrane of the 
cells lining the collecting tubule. 

3. As a result, water is reabsorbed from the collecting 
duct. This type of reabsorption is called facultative 
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reabsorption and this accounts for about 15% of 
total water reabsorbed. 

4, Inabsence of ADH, water is not reabsorbed and 
diuresis OCCUIS. 





ote: Obligatory reabsorption of water takes place in PCT 
ee ective of plasma osmolality. In contrast, facultative 
bsorption of water varies with plasma osmolality and 


ADH levels. 


g WATER INTOXICATION 


The maximum rate of urine formation is 16 mL/min even 
when there is no ADH-induced facultative reabsorption, 
if water intake exceeds this rate for some time, water 
is retained by the body. The accumulated water in the 
extracellular fluid (ECF) leads to hypo-osmolality with entry 
of warer into cells resulting in cellular edema. Swelling of 
celjs.n he brain leads to convulsions and coma which may 
e in death. These toxic features due to excessive 
ation of water are known as water intoxication, 

‘ intoxication is also caused by unrestricted water 


culm): 
accu! 


ina)  oresence of rise in ADH which may be exogenous 
(eg! ing administration of drugs) or endogenous (e.g. 
 follo surgery). 
PED! Gs 


3 ances that, on administration, produce large 
\ ne of urine are called diuretics. 


Note. hen there is excess water in the body, this excess 
Water 5 excreted in the urine as a dilute urine. In this 
silualion, as water runs through the collecting tubule, 
io Water is reabsorbed as ADH is not secreted at all. So, 
lluid from the distal tubule which has an osmolality of 
100 mOsmol/kg is excreted as urine. 

Thus, we can see that the osmolality of urine can vary 


through a wide range between 100 mOsmol/kg and 1,200 
mOsmo]/ kg. 


~ Some important diuretics with mode of action are as 
lollows: 
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a. Water—Drinking of water reduces plasma 
°smolality + hypothalamic osmoreceptors are 
inhibited, inhibiting secretion of ADH — diuresis. 


. Alcohol inhibits ADH —diuresis. 

© Acetazolamide > inhibits carbonic anhydrase > 
decr ©ases H’ ion secretion from proximal tubule > 
creased Na* excretion as Na*-H’ exchange in the 
Proximal convoluted tubule is reduced. K* excretion 
S INcreased in collecting duct in the absence of H' 
*€cretion as K’ and H’ secretion in the collecting 








duct are inversely related —» diuresis as increased 
excretion of Na* and K’* is accompanied by water to 
maintain osmolality, 

d. Furosemide — Inhibits Na*-K*-2CI- co-transporter 
in ascending limb of loop of Henle > disrupts 
medullary osmotic gradient > powerful diuresis. 

e. Thiazides — inhibits Na*-Cl-co-transporters in early 
distal tubule > diuresis. 

f. K*-retaining diuretics (triamterene, amiloride) > 
inhibits Na*-K* exchange in collecting ducts thus, 
retaining K* while excreting Na* > diuresis with K* 
retention. 


i OSMOTIC DIURESIS 


1. Excretion of urine in excessive amounts, caused by 
increase in osmolality of urine due to presence of 


increased quantity of solutes, is known as osmotic 
diuresis. 


Free water clearance 


Free water clearance (Cao) gives us an idea about the 
quantity of solute-free water present in urine. 

“Clearance of osmoles” is the volume of water 
required to excrete osmotic load in urine as a solution 
isotonic with plasma. 


Mathematically, clearance of osmoles 
ais Ut 
= Sen 


osm 
osm 


where, V = Volume of urine flow 
P ., = Plasma osmolality 


U,,,,, = Urine osmolality. 


Free water clearance is obtained by subtracting 
clearance of osmoles from urine volume. 
(; - Von 
Hop 
osm 


When the urine is hypertonic (concentrated), the 
urine volume is smaller than clearance of osmoles. So, 


free water clearance is negative. In this case, solute-free 
water is absorbed in the systemic circulation. 


Conversely, in case of hypotonic (dilute) urine, urine 
volume exceeds clearance of osmoles. So, free water 
clearance is positive. Obviously, in this case, solute-free 
water is present in urine, 


2. Examples: 

a. It occurs following infusion of mannitol. This 
compound is freely filtered through the renal 
tubule but is not reabsorbed. So, urine contains 
large amounts of mannitol which draws increased 
amount of water in urine due to osmotic forces, 
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b. In diabetes mellitus, due to hyperglycemia, plasma 
glucose crosses renal threshold and appears in the 
urine. As this glucose passes in urine, it draws water 
along with it osmotically. 


B SEQUENCE OF EVENTS IN OSMOTIC DIURESIS 


a 


i 


The interplay of factors in osmotic diuresis is a bit 
complex. 

In osmotic diuresis, excess osmolality due to presence 
ofincreased amount of osmotic particles, retains water 
in the proximal tubules. As the presence of water along 
with the osmotic particles is obligatory, water remains 
in the proximal tubule in large quantities. 


. This results in a fall of Na* concentration in tubular 


lumen. In consequence, the reabsorption of Na* in the 
proximal tubule decreases. This is due to the reduced 
concentration gradient of Na* from lumen to tubular cell 
across the luminal membrane of proximal tubular cell. 

Diminished Na* reabsorption reduces obligatory 
reabsorption of water. 
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_ In the ascending limb, reabsorption of Na‘, kK: 








As aresult of all this, fluid entering the de 
of loop of Henle contains more Na’ and water 


_In the descending limb, reabsorption of Wate, 


lire r 


reduced due to reduced medullary osmotic ea 


(vide infra). 

Cl- are decreased due to the reduced concenttar,, 
gradient of Na* from lumen to tubular ce} due ; 
dilution of tubular fluid (due to the same reason, . 
occurred in PCT) [vide(3)]. | 
This disrupts medullary osmotic gradient. 


. So, fluid and Na* are presented in excess quantitie: 


to distal tubule and collecting duct. Again, wa.. 
reabsorption in the collecting tubule is dependent j, 
medullary osmotic gradient, which is impaired, s, 
water reabsorption is reduced in the collecting dy; 
also. 


. Thus, the urine produced has a large volume, containing 


not only the particles causing osmotic diuresis but other 
electrolytes as well, particularly Na*. 





g nTRODUCTION 


, , H’ ion concentration and pH: 


3. The H* ion concentration in the body is very low. 


~ 





This can be easily perceived from the fact that 
Na‘ ions in the body have a concentration about 
3 million times that of H* ions. 

Whereas Na* concentration is 140 mEq/L, Ht ion 
concentration is only about 40 nEq/L. 

So, to avoid difficulties in expression, H* ion 
concentration is expressed as negative logarithm 
or pH. 

Thus, pH is the negative logarithm of H* ion 
concentration. 


aportance of acid-base balance: 


H* ion concentration is regulated in a narrow 
range by the homeostatic mechanism of the 
body. 

This maintenance of H* ion concentration 
within a narrow range is essential for the smooth 
operation of metabolic activities of the body. 


¢. pH can influence neuromuscular excitability 


significantly. Acidosis depresses neuronal 
excitability leading to disorientation, coma, 
and even death. On the other hand, alkalosis 
increases neuronal excitability remarkably. 
Spontaneous excitation of sensory nerves leads 
to characteristic tingling “pins and needles” 
sensation whereas stimulation of the motor 
nerves may lead to twitching of muscle, muscle 
spasm, or even death due to respiratory muscle 
Paralysis. Convulsions are also common due to 
Overexcitation of the brain. 


- Changes in pH alter molecular configuration of 


Proteins which include enzymes. The deranged 
‘nzyme activity has adverse effect on the 
metabolic reactions of the body. 
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Regulation of Acid-base Balance 


e. pH is an important factor in regulation of K” 
concentration. Secretion of K* from distal part 
of renal tubules has an inverse relation with H* 
secretion. Since K* concentration must be kept 
within a narrow range to prevent fatal cardiac 
arrhythmia, pH which affects Kt concentration, 
should also be maintained within narrow limits. 

f. The normal pH of the body fluids is 7.4 but it may 
vary between 7.36 and 7.44. 


. The body regulates acid-base balance, i.e. main- 


tains pH within the optimum range, by three 
different mechanisms: 

a. Through the buffer systems of the body 

b. By the respiratory regulation of acid-base balance 
c. By the renal regulation of acid-base balance. 


. Out of these three, the body buffer systems are the 


quickest acting, the respiratory regulation is in- 
termediate acting while the renal regulation is the 
slowest but most powerful and long-acting of the 
three. 


C. 1.A buffer system is a mixture of a weak acid and its 


i) 
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salt. It minimizes alteration of pH when a strong 
acid or alkali is added to the mixture, e.g. H,CO, and 
NaHCO, form a buffer system (H,CO, is weak acid 
and NaHCO, is its salt). 


. When a strong acid, such as, HCl is added, the 


following reaction occurs: 

HCl + NaHCO, — NaCl + H,CO, 

Thus, HCl is converted to a weak acid (HCO. ). 

If, on the other hand, a strong alkali, such as, NaOH 
is added, the following reaction takes place: 

NaOH + H,CO, > NaHCO, + H,O 

Thus, NaOH is converted into a weak alkali 
(NaHCO, ). 

Thus the buffer system effectively minimizes the 
changes in H' ion concentration resulting from the 
addition of a strong alkali or strong acid. 


 » i - - = 


- Henderson-Hasselbalch equation: Let us take 








bicarbonate buffer system as an example, Tn the 
bicardonate buffer system. 
H_CO. dissociates into H’ ion and HCO, ton. 
Oz H.CO, + H’ + HCO, 
By applying law of mass action, 
HCO] 
is a constant (the third brackets denote concentra- 
tion). 
Or {HHCO: = kK, since [H,CO,] 
CO. 
is proportional to [CO,] and Kis a constant, 
(cO,] 
(HCO!) 
Taking negative logarithms of both sides, 
rey] (CO, ] 
-log |H-| = -log K-lo 2 
sil og s [HCO;] 
[HCO,] 
= -log K + log —_—> 
[HCO] 
(cO,] 
is the negative logarithm of K (this is known as 
Henderson-Hasselbalch equation). 


[Salt] 
or, pH = pK + 108 TAcid] 
When salt and acid concentrations are equal, the 
buffering capacity is highest. When [Salt] = [Acid], 
(Salt) | 
[Acid] — 
So, in these circumstances, we get pH = pK + log] 
(applying Henderson-Hasselbalch equation) 
Since log] = 0 
pH = pK 
This proves that when the pK of the buffer system 
equals the pH, its buffering capacity is highest. 





Or [H*]=K 


, where pK 





or, pH = pK + log 
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. The different buffer systems of the body are: 


a. The bicarbonate buffer system 
b. The phosphate buffer system 
c. The protein buffers. 


. The bicarbonate buffer system: 


a. Although this has a pK of 6.1, which is quite 
removed from the body pH of 7.4, it is one of the 
most important buffers of the body. 

b. This is because, both of its two components 
HCO, and CO, can be independently regulated 
by the kidney and lungs, respectively. This 
increases its buffering power substantially. 


u, 
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‘the phosphate buffer system: 

It has a pK of 6.8, which Is suitable for jpg 

an effective buffer system. 

b, However, in spite of this advantage, in 
cellular fluid itis not an important buffer eye, 
because quantitatively, this buffer system ‘ " 
small to be of any consequence, an 

c. It, however, plays more important role jn, inte. 
cellular fluid and in the renal tubules, ay thes, 
sites, its concentration is higher and the acids 
environment enhances its action (its pk be 
slightly acidic). 

The protein buffers: 

a. Proteins are important buffers especially in the 
blood in the form of: (1) plasma proteins and 
(2) hemoglobin inside the red blood cells, 

b. Also, they are the major buffers in intracellyja, 
fluid where, quantitatively, they are the mog 
important buffer. 

c. Hemoglobin has six times the buffering capacity 
of plasma proteins, because: 

O It has more histidine residues containing 
the imidazole groups (which are mainly 
responsible for its buffering action). | 

O Its concentration is four times that of plasma 
proteins. 
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D. Regulation of acid-base balance by the lungs: The 
lungs exhale CO,, which is acidic, during expiration. 
During acidosis, respiration is stimulated due to the 
action of low pH mainly on the peripheral chemorecep- 
tors, thereby increasing ventilation. 


This washes out CO, from the lungs. As acidic CO, 


is eliminated from the body, the pH returns toward its 
normal value. 


On the other hand, in alkalosis, respiration |s 


depressed. CO,, which is acidic, accumulices and this 
brings the pH back to normal. 


Thus, by adjusting elimination of CO, according (0 


the changes in body pH, the lungs play an important 
role in the regulation of acid-base balance. 
E, Renal regulation of acid-base balance: 


hi 


. In the body, there is daily production of about 130 


. At the same time, about 60 mEq of bicarb 


The most powerful regulation of acid-base balance 
is performed by the kidneys. 
mEq of nonvolatile acids as a result of metabolis! 
of various amino acids. 

The acids produced include sulfuric a 
phosphoric acid, ete. 


cid, 


onate 


: ‘om 0 
(alkali) are produced as a result of metabolis™ 
dietary anions, e.g. citrate. 








Chapter 56: p 


4. 


4 


about 70 mEq/day. This reduces the HCO: concen- 


ration of the plasma. 
; The kidney corrects this imbalance by producing 
equivalent amount of new HCO; (see below). 
s, The other important function of the kidney is to 

i reabsorb the huge amounts of HCO: filtered by the 

B glomeruli. 

- HCO; concentration in plasma is about 24 mEq/L. 
Daily glomerular filtration being 180 L, total HCo- 
fltered per day = 180 x 24 = 4,320 mEq of HCO-. 

The kidney has to reabsorb this amount of HCO: 
to prevent HCO, loss which will upset the acid-base 
balance. 

9. Thus, the kidney has the following functions related 
to acid-base balance: 

). Filtered HCO; is reabsorbed by the tubules to 
prevent its loss via urine. 

} New HCO, is formed to compensate for the loss 
of HCO, in the plasma due to nonvolatile acid 
production. 

9 Both the above-mentioned functions are 
verformed by the kidney by secreting H’ ions in 
nie tubular lumen. 

\hen the H* ions secreted in the tubule combine 
vith filtered HCO, ions, HCO; reabsorption takes 
ace as detailed below. 

in the other hand, when the H’ ions secreted 
1 the tubule react with other buffer systems 
‘ke phosphate or ammonia buffer system, new 
‘icarbonates are formed (vide infra). 
the distal tubules and collecting ducts, some 
iew bicarbonate is formed in the | cells as a 
result of H* secretion by H*-ATPase. | 

\. HCO} reabsorption (Fig. 56.1): | 
|, This occurs in the proximal tubules. Inside the 

proximal tubular cells, CO, reacts with water, | 


Basolateral 
membrane 


Na” 
Fig. 5 








€gulation of Acid-base Balance ee 
~~, Thus, there is a net nonvolatile acid Production 


Catalyzed by carbonic anhydrase to form 
H,CO.,. 


- HCO, dissociates into H* and HCO;. The HCO; is 


transported into the peritubular capillary blood 
through the basolateral membrane. 


- The H* ion is secreted into the tubular lumen by 


a Na°-H’ antiport in the luminal membrane. 


- This Na*-H* antiportisa type of secondary active 


transport, the electrochemical gradient of Na” 
lons providing the energy for expulsion of H* ions 
(page 325). 


- The H* ions in the proximal tubular lumen 


combine with filtered HCO; to form H,CO, 
(catalyzed by carbonic anhydrase present in the 
brush border). 


. The H,CO, formed breaks down into CO, and 


water. This CO, diffuses into the tubular cells and 
reacts with water to form H,CO, which breaks 
down to produce HCO. This HCO; enters into 
peritubular capillary blood. The exit of HCO; 
from the cell occurs via Cl--HCO; exchanger and 
Na*-3HCO, symporter. 


. Thus, the net result is reabsorption of filtered 


HCO; from the tubular lumen into peritubular 
capillary blood although the HCO; reabsorbed 
into blood is not the same as that filtered into 
the tubular lumen. This is called “reclamation of 
HCO," [the HCO; reabsorbed into blood is not 
“new’ (see below) because its ultimate source is 
HCO; filtered from the glomerulus. 


B. New HCO,” formation: 
1. By phosphate buffer (Fig. 56.2): 


a. In case of phosphate buffer, it is to be 
remembered that secreted H’ ions react with 
phosphate buffers chiefly in the distal tubules 
and collecting ducts where the phosphates 
are concentrated to an appreciable extent. 


Tubular fluid 


H,O 





6.1: Mechanism of HCO, reabsorption. 








Basolateral ———~ 
membrane 


Cl 





Na* 


Fig. 56.2: New HCO, formation by phosphate buffer. 


b. The mechanism of H’ secretion is the same as 
in the case of HCO, reabsorption. Thus, CO, 
combines with water, catalyzed by carbonic 
anhydrase to form H,CO, which dissociates 
into H* and HCO,,. The H‘’ is secreted into the 
tubular lumen in exchange of Na* by Na*-H’* 
antiport. 

c. The H* secreted into the tubular lumen is 
buffered by HPO, of Na, HPO, forming H,PO, 
anion. 

d. Meanwhile, the HCO, produced in the tubular 
cell is transported across the basolateral 
membrane into the blood as new HCO,. 

e. This new HCO, replenishes the loss of 
plasma HCO, caused by the neutralization of 
nonvolatile acids. 

. NH,/NH,, buffer (Fig. 56.3): 

a. NH,” ions are formed inside the proximal 

tubular cells from glutamine. 





Tubular fluid 
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b. Glutamine is broken down by glutaminase 
into two molecules of NH,’ and anions which 
are later converted into HCO, . 

c. The HCO, ions are transported across the 
basolateral membrane of the tubular cells 
into the peritubular capillary blood. These 
are the new HCO, ions formed. The NH, ‘ions 
are secreted into the lumen of the proximal 
tubule by Na*-NH,,* antiport. 

d. The NH," ions secreted in the proximal tubule 
are reabsorbed in the thick ascending limb of 
Henle’s loop and passed on to the medullary 
interstitium. There, it forms a combination of 
NH,‘ ions and NH,,. 

e. NH, is lipid soluble and diffuses into the 
lumen of the collecting ducts by nonionic 
diffusion. 

f. Inside the lumen of the collecting duct, itis 
converted into NH," ions on combination with 


Medullary 
interstitium 


NH,/NH, 








Basolateral 
membrane 
Na’* Cr 
_}+— Basolateral 
membrane 
NH; 
Proximal tubule Diffusion Collecting duct 
trapping 


Fig. 56.3: NH,’ secretion in proximal convoluted tubule; nonionic diffusion and diffusion trapping in collecting duct. 
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H: ions. This NH," ion is nondiffusible and it 
gets trapped within the lumen. This is known 
as diffusion trapping, 

~The NH,‘/NH, buffer is a powerful buffering 
system as it can neutralize up to 500 mEq of 
H ions. 

Inthe collecting ducts, “I” cells actively secrete 
H’ ions into the duct lumen by an H'-ATPase 
pump. 

h. The H’ ions come from dissociation of H,CO, 
formed by combination of CO, and water, 
catalyzed by carbonic anhydrase. 

_ Along with H* ions, HCO, ions are formed 
which pass through the basolateral border 
into the blood. 

These HCO, ions are also new HCO, 
(One may note that the kidney combats 
acidosis by new HCO, formation whereas it 
corrects alkalosis by excretion of HCO,_}]. 
¢ Acid-base imbalances: There are four types of acid- 
" ase imbalance: (1) respiratory acidosis, (2) respiratory 
alkalosis, (3) metabolic acidosis, and (4) metabolic 
alkalosis. 

respiratory acidosis 
| \wnen there is apnea, i.e. cessation of breathing or 
hy uventilation, CO, tension in the blood increases 
e. ing to acidosis. This is known as respiratory 
a’ SIS. 

2, Pe stent respiratory acidosis is compensated by 
> dney which secretes greater amount of H* ions 
\_ ormation of new HCO,. This new HCO; helps in 

izing the acidity. 


ry alkalosis 

ventilation due to any cause washes out CO, from 
this loss of acidic CO, results in alkalosis. 

the alkalosis is developed due to respiratory 
¢ _, this is termed respiratory alkalosis. 

', prolonged alkalosis may be compensated by 
 idney which secretes less amount of H* ions. As 
a\: sult the filtered HCO; is lost in the urine rectifying 
Ut alkalosis. 


tr 


Metabulic acidosis 

!. This may occur due to accumulation of acids in the body 
due to various metabolic abnormalities. 

For example, metabolic acidosis is found in diabetic 
ketoacidosis (due to accumulation of acetoacetic 
acid and b-hydroxybutyric acid), severe exercise 
(accumulation of lactic acid), renal failure (failure of 
*xcretion of acids), etc. 


*. Metabolic acidosis is compensated by both the lungs 
and kidneys, 


Regulation of Acid-base Balance 


4, Respiratory compensation: The low pH caused by 
metabolic acidosis stimulates respiration, This hyper 
ventilation blows off acidic CO, and the pH tends to 
return toward normal, 

. Renal compensation: 

a. As a result of acidosis, plasma levels of HCO, and 
other buffer anions drop while cations like Na‘ fons 
are excreted with the acid anions. 

b. The kidney reabsorbs and thus, preserves Na’ 
lons in exchange of H' ions which are buffered by 
phosphate and ammonia buffer systems. The new 
HCO, ions formed are absorbed and they help in 
replenishing the decreased plasma HCO... 

c. In presence of a high acid load, the ammonia 
production is increased to a significant extent. This 
helps the kidney in excreting the excess acid as NH,’ 
ions, 


Metabolic alkalosis 

1. This may be caused by excess alkali ingestion, severe 
vomiting causing HCl] loss, etc. 

2. Metabolic alkalosis is compensated both by the lungs 
and the kidneys. 

3. In metabolic alkalosis, ventilation decreases due to 
raised pH. Asa result, CO, accumulates tending to bring 
the pH towards normal. 

This is respiratory compensation. 

4. The kidneys also play a role in neutralizing metabolic 
alkalosis, HCO; is excreted in the urine if its level rises 
more than 26-28 mEq/L. 
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i ANION GAP 


Difference between the sum of principal plasma cation 
concentrations (Na* and K*) and the sum of principal plasma 
anion concentrations (Cl and HCO;) is known as anion gap. 
Normal anion gap is between 3 mmol/L and 11 mmol/L. 

Anion gap helps clinicians to distinguish between 
different types of metabolic acidosis. 

Metabolic acidosis with a high anion gap is caused 
by loss of HCO;, which is not compensated by a rise in Cl- 
(normochloremic metabolic acidosis). 

Electroneutrality is maintained by anions such as 
lactate, phosphate, sulfate, etc. which are not included in 
the estimation of anion gap. 

Acidotic conditions with high anion gap include lactic 
acidosis, diabetic ketoacidosis, starvation, salicylate and 
methyl alcohol poisoning, etc. 

Metabolic acidosis with a normal anion gap is caused 
by loss of HCO, anion, which is compensated by rise 
in Cl (hyperchloremic metabolic acidosis). Acidotic 
conditions with a normal anion gap include diarrhea with 
gastrointestinal loss of HCO, , renal tubular acidosis, N HCl 
ingestion, etc. 


B OVERVIEW OF ACIDIFICATION OF URINE (SUMMARY) 
The body produces acid in two forms: 

1. Volatile acids: Cellular metabolism produces carbonic 
acid which is called volatile acid. This ts because it 
produces CO. which ts eliminated through lungs. 

> Nonvolatile acids or fixed acids: These cannot be 


eliminated through lungs, e.g. H,SO,, H,PO, keto acids, 
lactic acid, etc. These are eliminated through the kidney. 


em Sources of Nonvolatile Aads 
a |. Dietary proteins contain phosphorus and sulfur in 
- large amounts. So, their oxidation leads to production 
of acids like H_PO, and H,SO,,. 
> Strenuous exercise leads to formation of lactic acid from 
skeletal muscles. 
> In starvation and diabetes mellitus, keto acids, such 
o< acetoacetic acid and B-hydroxybutyric acid are 
produced in large amounts. 
_ Ingestion of acidifying salts, such as, NH ,Cl, CaCl, leads 
to formation of HCI. 
These acids are buffered in body fluids resulting in: 
= Production of anions combined with Na’ which are 
filtered through the kidney. 
b. Decrease in the plasma HCO, concentration. 
The kidney, by acidification of urine through secretion 
of H- ions, performs three important functions: 
1. For each secreted H’ ion neutralized by phosphate 
or ammonia buffers (not bicarbonate buffer), one 
new HCO: ion is absorbed into circulation. This 
restores the diminished bicarbonate. 
_ The huge amount of filtered HCO; (4,320 mEq/day) 
is reabsorbed by combination with secreted H’ ions. 
3. The H" and NH, ions secreted replace the Na‘ ions 
combined with anions and thus, preserve these 
important cations. 
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Mechanism of H* ion Secretion 


H~ ions are secreted in renal tubules mainly in two ways: 
}. In proximal tubule, H” ions are secreted into the lumen 

from the tubular cells via a Na’-H’ antiport. ‘This is a 
secondary active transport where an electrochemical 
gradient of Na’ ions powers the exit of H’ ions into the 
tubular lumen. 

2. In the distal convoluted tubule (DCT) and collecting 
duct, H’-ATPase pumps in the intercalated cells, pump 
out H’ ions into the tubular Jumen. 


Limiting pH 
Distal convoluted tubules have tight junctions which 
prevent Jeaking back of H’ ions from tubular lumen. The 
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lowest pH attained in DCT is 4.4 and this is called lini . 
- ting 


pH. Ata pH lower than this (greater H* cONCENtratigny 
ions will leak back even through the tight junction 2 i 
distal tubules. So, this pH is the lowest attainable jy 
renal tubules [in the proximal convoluted tubyle ie, 
the tight junctions are relatively leaky. So, the Loins 
attained in PCT is much higher than in DCT], 

As a result of H’ secretion into the renal tubules 
pH would have dropped to limiting pH very soon, tin 
stopping any further H’ ion secretion) if the three bas 
systems acting in the renal tubules were not active. | 

These buffer systems—the bicarbonate, Phosphar. 
and ammonia buffer systems neutralize a substantia 
amount of secreted H* ions, thus enabling the kidneys ,, 
excrete a large amount of acid. This is how pH of urine 
is kept at its normal slightly acidified value in spite 4 
excretion of large amounts of acid. . 

The maximum gradient against which H" ions can }¢ 
secreted is 1,000 times, corresponding to a urinary pH J 
4.4, the limiting pH. 

Important points of the different buffer systems: 


1. Bicarbonate buffer system: 

a. Bicarbonate buffer is the main buffer system in 
PCT. In PCT, amount of filtered HCO, is high. The 
filtered bicarbonate reacts with secreted H° ions 
in the proximal tubule. The carbonic acid formed 
dissociates into CO, and water. CO, enters into the 
tubular cells. 

As the secreted H* ions are completely removed 
from the lumen, there is no change in pH of proximal 
tubular fluid. 

So, one should note that true acidification al 
urine occurs only in distal tubules and collecting 
duct. 

b. The CO, molecule, on entering the cubular cell 
from the lumen, combines with water C0 form 
H,CO, which breaks down into H’ and HCO,. Ths 
HCO, is absorbed through basolate! membrane 
of tubular cell into peritubular capillary blood. the 
HCO, reabsorbed in peritubular capillary blové 
is not the original filtered HCO, but actually 4 
replaced HCO, . So, this process is also known 
“reclamation of bicarbonate’. 

2, Phosphate buffer system: 

a. The reactions with phosphate buflers m4 
place in distal tubule and collecting duct W 
bicarbonates are exhausted whereas the phos 
are greatly concentrated. 

b. Here, the H’ ions secreted by the tubular ce! 
buffered by Na,HPO., 
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This nis results in the formation of NaH,PO.. 


b. The NH," ions are secreted into the proximal tubular 
3. The combination of each H*-ion to the phosphate 


lumen by a Na‘*-NH,* antiport. These NH,’ ions 


buffers contributes to the titratable acidity of urine. 
This is measured by determining the amount of 
alkali needed to return the pH of urine to 7.4. 

. The bicarbonate and ammonia buffer systems do not 
: contribute to titratable acidity. Apart from phosphate 
iyuffer system which is the main contributor of 
‘itrable acidity, other minor contributors include 
see H’, keto acids, lactic acid, etc. 


; 4mmonia buffer system (Fig. 56.3): 


\mmonia is produced inside the proximal tubular 
lls from glutamine. 
The enzyme glutaminase splits glutamine into 
stamate and NH,.*. The glutamate is then broken 
wn into a-ketoglutarate and another molecule 
NH, by the enzyme glutamic dehydrogenase. 
ketoglutarate forms two molecules of HCO,,, 
ich are reabsorbed as new HCO,. 





are later reabsorbed in the thick ascending limb 
of Henle’s loop by a Na’-2Cl--NH,* symporter and 
deposited in the medullary interstitium. 


. Inthe medullary interstitium, the NH,” ions remain 


as a mixture with free NH,. This NH, can diffuse 
freely into the lumen of collecting tubule. This 
process of diffusion is known as nonionic diffusion. 
In the lumen of collecting tubule, NH, binds with H’ 
ions to form NH,” ions which cannot permeate back 
through the tubular wall. Hence, they are trapped 
(called diffusion trapping) inside the lumen of the 
collecting tubule. 

These NH,* ions form salts with anions and are 
excreted in the urine. 


. In acidosis, NH, synthesis is stepped up and a 


greater number of H* ions are neutralized in the 
process. Thus, ammonia buffer mechanism can 
show the property of adaptation in times of need. 





§ NORMAL AND ABNORMAL FEATURES OF URINE 


Characteristics of Urine 


1. Daily output of urine: 
a Normal daily output ofurine is about 1.5 L, However, 
this may vary between 0.5 Land 2.5 L. 

b. Obligatory urine volume: Itis the minimum amount 
of urine that must be formed to excrete all the solid 
constituents. Normally, this is about 500 mL/day. In 
this case, antidiuretic hormone (ADH) secretion is 


_ maximum. 






The waste products and other solids excreted through 
the urine daily is about 600 mOsmol. Since, the 
maximum esmolality achieved in the collecting tubule 
is 1.200 mOsmol/L, the obligatory urine volume, i.e, the 
minimum volume of urine that can excrete the urinary 
constituents is 600/1,200 = 0.5 L/day = 500 mL/day. 


c. Oliguria: When daily urine output is less than 400 
mL/day, the condition is known as oliguria. ‘This is 
found in acute dehydration and renal disease. 

d. Anuria: When passage of urine is stopped, it is 
called anuria. Clinically, daily urine output less than 
100 mL is considered as anuria, 

Obstruction to passage of urine by calculi, shock, 
renal shutdown, etc. are causes of anuria. 

e. Polyuria: Passage of urine in excess of 3 L/day is 
called polyuria. 

Polyuria may occur in diabetes insipidus (due to 
absence of ADH and consequent diuresis), in diabetes 
mellitus (due to osmotic diuresis with passage of excess 
glucose in urine), drinking of excess water (inhibits 


ADH secretion), ete. 





. Reaction or pH: 





Features of Urine 


2, Specific gravity: 


a, Specifie gravity of urine Is highly variable, ranging 
between 1,001 and 1,040, Usually, however, » 
remains within 1,010-1,025, 

b. Specific gravity rises in dehydration, high proteiy 
intake, glycosuria, ete, 

c, Specific gravity becomes low due to excess drinking 
of water, diabetes insipidus, etc, | 

d. Fixed specific gravity of 1,010 is a sign of chrony 
renal failure (inability to concentrate or diluw 
urine), 

e, Specific gravity of urine is a useful renal functior 
test as it depends on urine concentrating power 0! 
renal tubules, 


. Color: 


a. Normal urine has a slight yellowish Unye due to te 
presence of the pigment urochrome. 

b. In obstructive jaundice, due to presence » 
conjugated bilirubin, urine is deep ye!low in color 


a, Normally, urine is slightly acidic, Its p!! is about 65 


but may vary between 5 and 7.5, | 
b. Its maximum acidity, known as the [iting pH, & 
4.4, 
c, Urine becomes alkaline in: 
¢ Postprandial alkaline tide associated Wi 
tion of gastric hydrochloric acid (HC) ). 
¢ Hyperventilation as occurs in high altitude. 
¢ Voluntary hyperventilation, 
[Hyperventilation due to any cause washes - 
carbon dioxide (CO,) and produces alkalos 
‘the kidney tries to compensate for this alk 
by eliminating HCO, which makes the WA 
alkaline], 


thy secre 





opiC CONSTITUENTS OF URINE 
cascopic examination may reveal (a) casts, ( b) pus cells, 
Mier i plood cell ( RBC) and (d) epithelial cells, ete. 
ic) ae These are made of precipitated mucoprotein and 
: na take the shape of renal tubules, That is why they 
are called casts. 
~ They may be hyaline casts (when present in pure 
farm), granular casts (mixed with epithelial cells), RBC 
-asts (mixed with RBC), or white blood cell (WBC) casts 
«nixed with pus cells). 
» Pus cells: These are dead leukocytes. They are more 
frequent in urine of females. However, presence of pus 
-oils in excess of 10 per high-power field is considered 


g nicROSC 


an normal. 
. , 1 blood cell: These are present in hematuria. 
|’ thelial cells: These are shed from the epithelium of 
les. 


iE MAL CONSTITUENTS OF URINE 


ose: Normally, glucose is present in urine in small 
tities (<150 mg/day) which cannot reduce alkaline 
er sulfate. When glucose is present in sufficient 
ints so that it can reduce alkaline copper sulfate, 
yndition is known as glycosuria. 
)suria may be due to: 
abetes mellitus: In this disease, due to hypergly- 
mia, glucose in blood crosses renal threshold and 
excreted into urine. 
-enal glycosuria: In this condition, the renal 
ireshold itself is lowered. Thus, glycosuria occurs 
normal postprandial blood glucose level. 

_ Alimentary glycosuria: This occurs in a latent 
diabetic after a large carbohydrate intake. The blood 
glucose level shoots up high enough to cross the 
renal threshold resulting in glycosuria. 

4. Nervous glycosuria: Emotional stresses like anxiety, 
panic, etc. causes increased secretion of adrenaline 
which leads to increased glycogenolysis. This causes 
hyperglycemia of a sufficiently high level so that 
renal threshold is exceeded and glycosuria results. 

- Endocrine glycosuria: Excess secretion of hor- 
mones like growth hormone (GH), cortisol, and 
thyroxine may raise blood sugar level high enough 


(0 Cause glycosuria. This is called endocrine 
glycosuria. 


Characteristics of urine: 
|. Daily output of urine: 
a. Normal—0.5-2.5 L (mean 1.5L) 
b. Obligatory urine volume—400-500 mL/day 
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Chapter $7: Features of Urine 


3. 


4. 


C, Oliguria—<400 mL/day in dehydration, renal 
disease 


» Anuria—<100 mL/day in shock due to renal shut- 
down 


Polyuria—»3 L/day in diabetes insipidus and 

mellitus, 

Specific gravity: 

a. Normal-1,010-1,025 

b. Fixed specific gravity of 1,010 in chronic renal 
failure. 

Color: Normally yellowish tinge due to urochrome; 

deep yellow in obstructive jaundice 

pH: 5-7.5 (mean 6.5) 


= 
—_ 


e. 


Limiting pH—4.4 
Alkaline in: 


da. 


Postprandial alkaline tide 


b. Hyperventilation—In high altitude or voluntary. 





Microscopic constituents: 
Casts: Hyaline, granular, RBC and WBC. Pus cells, RBC, 
and epithelial cells. 
Abnormal constituents: 
A. Glucose: 


Glycosuria: Due to: (a) diabetes mellitus, (b) renal, 
(c) alimentary, (d) nervous, and (e) endocrine causes. 


. Proteins: 


a. Prerenal proteinuria: Bence-Jones proteins in 
multiple myeloma 

b. Renal proteinuria: Nephrotic syndrome 

c. Postrenal proteinuria: Urinary tract infection 
(UTI). 


. Ketone bodies: These are (i) acetoacetic acid, (ii) 


acetone, and (iii) B-hydroxybutyric acid. Present in 
urine in—(a) starvation and (b) diabetes mellitus. 


. Blood: Microscopic 


Macroscopic—Due to trauma, tumor, tuberculosis 
(TB). 


. Bile constituents: 


Urobilinogen—Absent in obstructive jaundice, high 
in hemolytic jaundice 

Bilirubin—High in obstructive jaundice, absent in 
hemolytic jaundice 

Indican, creatine, and hormone metabolites, 


. Proteins: Normally, urine contains small amounts of 


protein (<150 mg/day). The trace amount of protein in 
urine is due to the presence of Tamm-Horsfall protein 
synthesized by cells in the thick ascending limb. 

Proteinuria is a condition when proteins are detected 
in urine by conventional testing (e.g. boiling), 
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It mav be due to prerenal, renal, or postrenal causes. 
3. Prerenal proteinuria: This may occur in multiple 
mveloma, a disease producing low-molecular 
weight proteins called Bence-Jones proteins. Due 
to their low molecular weight, they pass through the 

elomerular filter and appear in urine. . 

b. Renal proteinuria: Due to renal disease, e.g- 10 
nephrotic syndrome, the negative charges of the 
filtering membrane are lost. As a result, negatively- 
charged proteins like albumin, which are normally 
repelled and prevented from passing through 
glomerular filter easily, now pass freely in large 
quantities causing proteinuria. 
Postrenal proteinuria: This is due to secretion of pro- 
reins in the urinary tract as a result of inflammatory 
diseases, e.g. in urinary tract infections (UTIs). 

C. Ketone bodies: 

a. Acetoacetic acid, acetone, and B-hydroxybutyric 
acid are the three substances known as ketone 
bodies. 

b. Normal urine contains traces of ketone bodies. 

c. But, in abnormal conditions such as diabetic 
ketoacidosis or starvation, ketone bodies are 
produced in large quantitles. The urine also contains 
appreciable amounts of ketone bodies. 

d. In such conditions (called ketosis), presence of 
acetone in breath gives rise to a characteristic 


sweetish smell. 
D. Blood: 

. a. Presence of blood in urine is pathological. 

_ Blood may be present in the urine microscopically 

_ manifested by the presence of RBCs, or macroscopi- 

cally (the urine is red in color) when itis called frank 

hematuria. 

c. Frank hematuria is found in trauma, tuberculosis, 
or malignant tumor involving the kidney. 

E. Bile: 

a. Normally, urine contains some amount of urobilin- 
ogen. Amount of urobilinogen is greatly increased 
in hemolytic jaundice. 

b. In obstructive jaundice, conjugated bilirubin and 
bile salts, which are not normal constituents of 
urine, appear in the urine. Presence of conjugated 
bilirubin makes the urine yellow. 

c. Urobilinogen is absent in the urine in obstructive 
jaundice. 

E. Miscellaneous: Apart from the abovementioned 
substances, urine may also contain excess amount of 
indicans (which are derivatives of indoxyl and skatoxyl 
sulfates), creatine which is not usually present in adult 
urine, or hormone metabolites (e.g. 17-ketosteroids) in 
excess amounts in case of hormone hypersecretion. 
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§ RENAL FUNCTION TESTS 
Tests of renal function can be grouped under sey, 
headings: om 
1. Examination of urine: The volume, specific grayi,. 
color, and reaction of urine are noted. Presence of a 
RBC, pus cells, etc. are determined by microscopy 
examination. Abnormal findings (see earlier) proy; . 
clue to pathological conditions affecting the kidney 


Note: Specific gravity of urine is an index of urine 
concentrating power of renal tubules and s6, it is a, 


important renal function test. 


9. Examination of blood: Blood levels of urea, creatinine 
nonprotein nitrogen, blood urea nitrogen, etc. ar 
estimated. Abnormal values indicate presence of rena 
disease. 

3. Renal clearance tests: These have been describeg 
in detail in page 322. Tests like inulin clearance or 
creatinine clearance help in measuring glomerular 
filtration rate (GFR) and they are indicators of 
glomerular function. 

Para-aminohippurate (PAH) clearance or to some 
extent urea clearance helps in assessing tubula 
function. 

4. Phenolsulfonphthalein (PSP) excretion test: The dye 
PSP is a substance excreted solely through the Kidney. 
A certain amount of PSP is injected by intramuscular 
(IM) or intravenous (IV) routes. Normally, at least 
25% of the dye is excreted in urine within 15 minutes 
and 70% of the dye is excreted in urine in 2 hours 
A decrease in the values indicates impaired renal 
function. 

5. Tests based on water reabsorption: 

a. Water elimination test: If a person drinks watt! 

amounting to 2% of his body weight, normally 70% 

of the ingested water should be excreted within 5 

hours and specific gravity of urine drops © 1,005. 
b. Water deprivation test: Deprivation of water for 12- 

18 hours leads to concentration of urine ina norms 

individual. If specific gravity of urine rises above 

1,020, it indicates normal concentrating ability o! 

the kidneys. 

6. Other tests, more commonly done to diagnose renal 
diseases, are: 

a. Intravenous pyelography (IVP) demonstrating rene 
stone, tumor, etc. 

b, Ultrasonography (a widely used noninvasive (& 
useful in locating stone, tumor, cyst, etc.). 

c. Renal biopsy especially by fine-needle aspirane® 
technique, etc. 


Micturition 





‘UCTION 


| epithelium of the bladder increases in surface area. 
| The vesicles in the epithelial cells are extruded by 
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ormed by the kidneys drains via the twoureters | exocytosis. This adds membrane to the cells and the 
xs in the bladder where it is temporarily stored. epithelium expands. On the other hand, when the 
bladder becomes full and the surroundings are | bladder empties, vesicles are endocytosed causing 
or voiding, the subject passes urine. The process | shrinkage of cells and epithelium. 
__ 7. The smooth muscles, because of their special property 
| of plasticity, allow the urine-filled bladder to be 
Y OF THE BLADDER distended considerably without any appreciable rise 
in intravesical pressure (see later). 
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urine is known as micturition. 
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| ladder wall is composed of a muscle called | 
sor. It consists of transverse, longitudinal as well | 
ral muscle fibers. Contraction of detrusor raises NERVES OF THE BLADDER (FIG. 58.1) 


vesical pressure and leads to voiding of urine. The bladder has three different sources of nerve supply: 

- -:-and the neck of the bladder, there are muscle |}. The sympathetic nerves: These arise from the inter- 
» <dles forming the internal urethral sphincter. This mediolateral gray column of the spinal cord from L1-L3 
>yoincter remains contracted except at the time of spinal segments and traverse along the hypogastric 
“viding urine when it relaxes. The muscles of the internal nerve to the urinary bladder. The postganglionic fibers 
sphincter are so disposed that whenever the bladder supply the detrusor and the internal sphincter. On 

_ contracts, the internal urethral sphincter is pulled open. stimulation, they cause relaxation of the detrusor and 

+. There is another muscle located more superficially—the contraction of the internal sphincter. Hence, they are 
external urethral sphincter. This encircles the urethra called “nerves of filling” 
and is under voluntary control. It prevents reflex However, this role of sympathetic nerve is somewhat 
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passage of urine and keeps voiding of urine under controversial. It is now thought that the sympathetic 
voluntary control. nerves are chiefly involved in preventing reflux of 
* Urine enters into the bladder from the two ureters semen into the bladder during ejaculation. 


aided by gravity as well as by peristaltic contraction of | 2. The parasympathetic nerves: They arise from the 
the ureters, The ureters pass obliquely through the wall sacral outflow of the parasympathetic system. Arising 
of the bladder. As a result, they are compressed at this from S2-S4 spinal segments, they pass along the pelvic 
€e10n when the bladder fills. This prevents backflow of splanchnic nerves. The postganglionic fibers supply 
Unne into the ureter from the bladder. the detrusor and the internal sphincter muscle. They 


7 the bladder acts as a temporary reservoir of urine. cause contraction of the detrusor and relaxation of 
lhe €pithelium and smooth muscle of the bladder are the internal sphincter. So, they are called “nerves of 
6, oat adapted for this reservoir function. | voiding’ _ | 
incr € bladder fills, its folded walls flatten out to | 3. The pudendal nerve: This is a somatic nerve which 


“ase its volume. At the same time, the transitional | — supplies the external urethral sphincter. 











§f PRESSURE RISE IN BLADDER | 


The pressure rise within the bladder due to accumulation | 

of urine has some noticeable features: 

\. The rise of pressure in bladder can be experimentally | 
observed in cystometrogram. In this procedure, the 
bladder is first ernptied by catheterization. Then, normal 
saline, in increments of #0 mL, is infused into the bladder 

and the intravesical pressure is noted (Fig 58.2). 

Z. The curve, in which volume of bladder is plotted against 
intravesical pressure, shows three phases. 

4. in phase Ia, the intravesical pressure shows slight 
rise, 

b. In phase Sb, there is considerable increase in bladder 
volume due to infused normal saline but the pressure 
remains unchanged, The intravesical pressure 
drops to almost basal values after a temporary rise 
following each increment of infused saline. 
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Fig, 58.2: intravesical pressure changes following saline infusion 
in urinary bladder. 





Fig. 58.1: innervation of urinary bladder. 
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c. This continues until the bladder contains aboy 
400 mL of urine when phase II begins. Now, the 
intravesical pressure rises sharply even on infusion 
of small amounts of saline. 

The flatness of stage Ib can be explained in the following 

way: 

a. The detrusor muscle, like other smooth muscles 
in the body, shows plasticity. Due to this propery, 
when detrusor is stretched by a distending pressure 
for some time, its fibers relax and the intravesical 
pressure tends to drop back to the initial! value. 

b. The bladder which is almost a thin-walled spherical 
organ, obeys Laplace's law. According to this law, 
the transvesical pressure (pressure difference 
between inside and outside bladder) is equal to 
twice the wall tension divided by the radius of the 


bladder. 
2T 
P- 
as 


When bladder is distended by urine, « #1 tension 
rises, but due to relaxation of detrusc: owing 
plasticity, there is increase in diameter of the 
bladder. As a result, the transvesical pre sure does 
not rise and is maintained at the same eve! (21/8 
remains the same). 


3. 


§ CONTROL OF MICTURITION 


1. When the volume of urine in bladder is 150 mL, 
sensation of bladder fullness is felt. When bladder 
volume is 400 mL, there is a strong urge for micturidon, 
At 600 mL, pain is felt. 

. Urination may be delayed by voluntary contraction of 
external urethral sphincter and perineal muscles until 
a suitable surrounding is found. 





Chapter 58: Micturition 
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when the bladder is full, the stretch receptors in the 

* adder wall are stimulated and they tend to reflexly 

at t or relax the external sphincter so that urination 
i occur. But, if the surrounding is not suitable, this 
overridden by descending excitatory input from 
orebral cortex to the motor neurons supplying the 

« hinctel As a result, the external sphincter closes 

“chtly and urination is prevented. | 

\ficturition can be initiated voluntarily even when 

ye bladder is not full. Here, the pelvic floor and 

external urethral sphincter are relaxed voluntarily. 
~he lowering of pelvic floor stretches the bladder 

\_aj] and opens the internal urethral sphincter. This 

_-riyvates micturition reflex. Concomitant contraction 

0 _dominal muscles and the diaphragm, by raising 

‘ntra-abdominal pressure helps in evacuation of 
idet. 
ng micturition, the external urethral sphincter and 
,eal muscles relax while detrusor contracts. 

; ast few drops of urine in the urethra in the male 
-pelled by contraction of bulbocavernosus muscle. 
atrast, gravity aids the emptying of the female 
ra. 

7 ugh voiding of urine is to some extent under 
tary control, it is essentially under supraspinal 
|. When the bladder distension reaches a critical 

visceral afferent fibers are stimulated. They 
ad along the spinal cord to stimulate Barrington’s 
er in the rostral pons. 
escending fibers from there, inhibit sympathetic 
-' ganglionic fibers in lumbar spinal segments while 
(ivy stimulate sacral parasympathetic centers. Onuf's 
nucleus (a somatic motor center giving rise to motor 
neurons which supply the external sphincter) is also 
inhibited, 
Activation of the above micturition reflex results in 
micturition. 
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Neonates, however, show a spinal reflex of micturition 
which is later superseded by the above supraspinal 
control, 


Bf ABNORMAL CONDITIONS OF BLADDER 


1. Autonomic bladder: When there is damage to the 


spinal cord above the spinal centers of micturition at 
the sacral region, micturition reflex may remain intact 
but voluntary control over micturition is lost. 

Soon after the injury, micturition reflex is temporarily 
lost due to spinal shock. 

However, this reflex reappears if the shock stage is 
well managed. As the entire pathway of this reflex is 
intact, reflex micturition occurs periodically when the 
bladder is distended by urine. However, there is no 
voluntary control. 

Some patients learn to utilize mass reflex (in which 
urination, defecation, and autonomic changes occur 
on scratching the inner aspect of the thigh) in order to 
gain some control over toilet functions. 


. Atonic bladder: In this type of abnormality, the 


afferent pathway of micturition reflex is damaged. 
This is typically seen in tabes dorsalis, a lesion found 
in neurosyphilis involving the dorsal root. 

Here, although the bladder is distended with urine, 
micturition reflex is not activated as the damaged 
sensory pathway fails to sense the stretch. As a result, 
the bladder is distended, thin-walled, and hypotonic. 

Urine overflows from the overfilled bladder in 
dribbles. This is known as overflow incontinence. 


. Excitable, neurogenic bladder: In this, lesions in the 


spinal cord involve only the higher inhibitory pathways 
which control micturition reflex. As a result, the bladder 
becomes hyperexcitable. Micturition is frequent due to 
the hyperactive micturition reflex which is activated 
even when the bladder contains small volumes of urine. 
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@ TYPES OF SKIN 

1. There are two types of skin: (a) thick skin 
skin. 

9. Thick skin is present in p 
is thin skin. 

3. In thick skin: 
a. The stratum corneum (see 
b. It does not contain any hair or se 


and (b) thin 


alm and sole. Skin elsewhere 


below) is much thicker 
baceous gland. 


HISTOLOGICAL FEATURES (FIG. 59.1) 


1. Skin can be divided into: (a) epidermis and (b) dermis. 
2. Epidermis consists of the following five layers: 
a. Stratum corneum: 
» Itis the most superficial layer of the skin. 
¢ Thecells contain keratin—a tough fibrous protein 
which protects the skin from injury. 





Hair 


Stratum corneum 
Stratum lucidum 


Stratum 
granulosum 


Stratum spinosum 
Stratum 
germinativum 
Reticular fiber 
Sebaceous gland 
Blood vessel 

Fig, 59.1: Histological features of the skin. 





The Skin 


¢ The outermost part of this layer is shed off 
regularly. 


_ Stratum lucidum: 


¢ This layer lies just deep to the stratum comeum. 

It appears clear on hematoxylin-eosin staining. 
That is why it is called lucidum (clear). 

@ These cells contain eleidin, the precursor of 


keratin. 


_ Stratum granulosum: 


@ This layer, lying just deep to the stratum lucidum, 
consists of three to four cell layers. 

It contains the precursors of keratin in the form 
of granules and hence the name. 


. Stratum spinosum: 


¢ Also known as prickle cell layer, it consists of 
three to five cell layers. 

¢ Cytoplasmic projections arise from the cells 
making connections with those of adjacent cells. 
This leads to the prickly appearance of the cells. 


. Stratum germinativum: 


¢ This is the basal layer consisting of columnar 
cells situated on the basement membrane which 
separates dermis from epidermis. 
¢ Continuous mitotic divisions in this layer 
produce cells that gradually migrate through 
the upper layers, acquire keratin and ultimately 
come to lie in the stratum corneum before being 
cast off. 
¢ Dermis consists of two layers: 
1. The papillary layer, which lies su 
just deep to the epidermis. 
This layer forms finger-like processes 
extending deep into the epidermis. 
2. The reticular layer lies deep to the papillary 
layer. 


perficially 





Chapter 59: The Skin 


' ,ppENDAGES OF THE SKIN 


hese are developed from the same ectoderm which 
' jevelopsinto the skin, = 
, These are: (a) nails, (b) hairs, (c) sweat glands, and 
2. (d) sebaceous glands. 


Hairs . 
pairs are of three types: 
1, Lanugohare 
| This is found in the fetus especially over the scalp 
and eyelid. 
» xefore birth, most of the lanugo hairs are shed. 
b |, ous hair: It is the soft hair found in the body of 
~.atgand children. 
nal hair: 
isis the coarse and pigmented hair that gradually 
‘ts replacing the vellous hair at puberty. 
imately, it forms the hair of the scalp, body, axilla, 
genitalia in adults. 
d ‘ollicles are connected with a smooth muscle 
arrectores pilorum, innervated by sympathetic 
| ;. Sympathetic stimulation causes contraction of 
| — suscle leading to piloerection (erection of hairs), 


Swen dS 
These. be: (a) eccrine or (b) apocrine. 
a, ti ine sweat glands: 


|. ‘hese are present all over the body but their density 
's highest over thick skin. 

¢. these glands contain a highly coiled tubular 
structure in the deeper part of the dermis, connected 
to the exterior by a simple tubular extension. 

J. The coiled portion forms the sweat, 

4, Although the secreted sweat is initially isotonic, Na* 
is reabsorbed from the sweat as it passes through 
the duct. 


5. This reabsorption of Na’ is under the influence of 
aldosterone. 

Variation of sweat composition: Stimulation of 
sympathetic cholinergic nerves leads to sweat 
secretion. When sympathetic stimulation is mild, 
sweat secretion is slow. As a result, the Na* and Cl 
“ontent of sweat is almost totally reabsorbed by 
the sweat duct. So, Na* and Cl concentrations in 
‘Weat fall to as low as 5 mEq/L. Also, water from the 
hypotonic sweat (due to low Na’ and CI’) is mostly 
reabsorbed, 

This leads to rise in concentration of other sweat 
Constituents like urea, K*, etc. 

However, when, in hot conditions, there is strong 
Ympathetic stimulation in a person unacclimatized 
lo heat, sweat is secreted at a much faster rate. 





As a result, at most, only 50% of secreted Na‘ and 
Cl are reabsorbed. So, Na* and Cl content of sweat 
rises to about 50 mEq/L. Again, due to the rapid 
flow of secreted sweat, water reabsorption is greatly 
reduced. 

So, in presence of increased water content, urea 
and K* concentrations are substantially decreased. 


?. Acclimatization of sweat secretion: When a person 


is exposed to a hot climate for prolonged period, 

acclimatization of sweat secretion takes place. This is 

associated with two important changes: 

a. Amount of sweat secretion increases from 1 L/h 
to 2-3 L/h. This enables the body to lose increased 
amounts of heat in order to cool the body. 

b. The amount of Na’ and Cl- secreted in sweat 
(normally 5-30 g/day) is reduced to only 3-5 g/ 
day. This is possible due to secretion of aldosterone 
in response to lowered extracellular fluid (ECF) 
(Na*) concentration caused by initial salt loss. 
The secreted aldosterone causes reabsorption of 
Na* from the sweat ducts. This leads to reduced 
secretion of Na* in sweat. 


. Apocrine glands: 


1. These are found in the axilla, pubic region, and 
areola. They start secreting at puberty. 

2. This secretion is a dense, milky fluid which, on 
bacterial decomposition, produces the typical body 
odor. 

3. The breasts and cerumen-secreting glands in the 
ear are modified apocrine glands. 


Sebaceous Glands 


I. 


Zs 


These glands discharge their secretion into hair follicles 
but in the face, they may directly open at the surface. 
They are not found in thick skin as they arise from hair 
follicles which are absent in thick skin. 


. The secretion of sebaceous glands contains appreciable 


amounts of lipids. This keeps the skin moist and 
diminishes heat loss in cold climate by reducing 
evaporation of water. 


. The sex hormone dehydroepiandrosterone (DHEA) 


stimulates secretion of sebaceous glands. 
That is why acne (which is caused due to Oversecretion 
of sebaceous gland) is found commonly around the 


age of puberty when DHEA is secreted in increased 
quantities. 


COLOR OF THE SKIN 
E 


Color of the skin depends on: 
a. Amount of melanin: Melanin is synthesized from 


the amino acid tyrosine. In spite of the fact that the 
number of melanocytes is the same, the absolute 
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amount of melanin is greater in dark-skinned races 
than in Caucasians. 

That leads to the difference in color of the skin 
between these people. 

b Circulatory status of the dermis: Circulatory status 
of the skin influences color of the skin. For example, 
vasoconstriction of the skin leads to whitish pallor 
whereas vasodilation leads to reddish hue of the 
skin. 

c. Amount of reduced hemoglobin (Hb) more than 
5 g& leads to cyanosis with bluish discoloration of 
the skin. 

d jaundice and carotenemia lead to yellowish 
discoloration of the skin. 


Bf FUNCTIONS OF SKIN 
1. Temperature regulation: 


2 The skin, in association with the temperature- 
regulating areas of hypothalamus, plays a major role 
in temperature regulation. 

b. In hot climate, there is cutaneous vasodilation 
leading to heat loss. Sweat glands present in the skin 
also help in heat loss as the evaporation of sweat 
causes substantial loss of heat. 

c. In contrast, in cold conditions, cutaneous vasocon- 
striction helps in preserving body heat. 

2 Sensory perception: The various neural receptors 
present in the skin (for touch, pain, temperature, etc.) 
play an important role in the sensory perception of the 

3. Protective function: The skin protects the body from 

the harmful effect of ultraviolet (UV) rays. 

‘Ihe skin has a bacterial flora which protects it from the 

» wyvasion of other harmful microorganisms. 

3. The skin synthesizes vitamin D3 from 7-dehydrocho- 
lesterol. This hormone has important physiological 
functions including prevention of rickets. 

6. The skin provides a layer impervious to water. This 
prevents transfer of water across the skin, which would 
have been detrimental to the body. 


ff CUTANEOUS CIRCULATION 


1. a The most important feature of cutaneous circulation 
is that in addition to arterioles as found elsewhere, 
arteriovenous (AV) anastomoses are found particu- 
lariy in the palm, sole, and ear lobes in the skin. 

b. These AV anastomoses directly link the arterioles 
with the venules and bypass the capillaries of the 
skin. 

c. These anastomotic channels have thick muscular 
wall richly innervated by the sympathetic nerves. 
They have a diameter of about 20-40 pm. 





d. Normally, sympathetic vasoconstrictor nea 
the vascular lumen of these AV anastomp¢,. One, 
blood flows through the capillaries, ws ang 

e. In hot conditions, due to hypothalami- act 
there is withdrawal of sympathetic vasoconsty ity 
tone and release of the vasodilator bradykinjr, “tor 

As a result, there is tremendous increas, 
cutaneous blood flow, particularly through tp, i 
anastomoses. . 

f, Conversely, in cold conditions, hypothalam;. 
activity leads to vasoconstriction of Cutaneny, 
blood vessels. 

g. This explains the fact that cutaneous blood flow cen 
vary between 1-150 mL/100 g/min. 

h. In hot conditions, the increased cutaneous blog, 
flow and sweating due to stimulation of sweat 
glands help in loss of body heat. 

i. In contrast, cutaneous vasoconstriction helps ip 
preserving body heat in cold conditions. 


Mj TRIPLE RESPONSE 


1. If a firm stroke is applied on the skin with a pointed 
object, three responses are obtained in succession. 
These are—(a) the red reaction, (b) flare, and (c) wheal, 
a. The red reaction: 

¢ Itis characterized by reddening along the line of 
the stroke. It lasts for about 10 seconds. 

¢ This occurs due to dilation of capillaries, caused 
by pressure of the stroke. 

b. Flare: 
¢ It is characterized by the spreading of redness 

from the site of stroke to adjacent areas. This 

occurs due to arteriolar dilation. 
¢ Absence of flare in anesthetized s\in goes in 
favor of the conclusion that flare is a result of 

axon reflex (see page 213). 

O Impulses initiated in a sensory nerve In 
the skin excite other branches «* the nerve 
running antidromically. This caus°s arteriolar 
dilation in the periphery. 

QO Although a reflex, it does not involve the 
central nervous system. 

Q The neurotransmitter substance ?’ is released 
to cause arteriolar dilation], 

c. Wheal: It is local swelling caused by extravasation of 
fluid from capillaries due to increased permeability. 
This occurs in response to: 
¢ Histamine or histamine-like substances released 

from mast cells, acting on H receptors. — 

¢ Substance P: This is proved by the reductl0 
extravasation on administration of substance 
antagonists. 
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yestions: 


ond q , 
Long he different parts of a nephron with a 


pescribe t 


diagram. es 
pescribe the physiological mechanism of medullary 


osmotic gradient. Mention the role of urea and 
¢ynction of vasa recta. 
piscuss the mechanisms involved in acidification of 
urine. 
What is cystometrogram? Discuss the mechanism 
| of micturition and mention the abnormal types of 
niadder function. 
- nescribe the layers of skin with a diagram. Discuss 
4 > function of skin and its constituents. 
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short notes on: 

+amedullary nephron 

‘aglomerular apparatus 

uloglomerular feedback and glomerulotubular 
nce 

3| threshold of glucose and splay 

{riven Na* transport 

qtercurrent multiplier and exchanger 

7 gatory and facultative reabsorption of water 

s  -osuria 

9 ‘e response. 

| why or give brief answer: 

merular capillary pressure is higher than capillary 

irostatic pressure elsewhere in the body. 

2.  -E inhibitors commonly cause cough as a side- 
“fect. 

_ 4\puminuria may occur in glomerular diseases. 

_ GFR rises with increase in renal blood flow. 

in HCO, reabsorption, the same HCO, is not 
absorbed from Jumen to interstitium. 

6. Observed renal threshold for glucose is lower than 
theoretical threshold. 

_ Inrenal glycosuria, glucose appears in urine in spite 
of low blood sugar level. 

Intravesical pressure changes very little despite 
infusion of about 400 ml of fluid in cystometrogram. 
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4. Multiple choice questions: 


|. Approximate range of renal blood flow is: 
4, 0.5-1 L/min b. 1-1.5L/min 
Cc 1.5-~2L/min d. 2-2.5 L/min 
‘ Collecting duct contains: 
4. Parietal and oxyntic cells 


b. Principal and intercalated cells 
C. Lacis cells 


qd. Goblet cell 
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ASSESSMENT QUESTIONS 


8. 


9. 





. Effective renal plasma flow in mL/min in a man 19 


b. 525 
J, 725 


a, 480 
c, 625 


. True about juxtamedullary nephron: 


a. Has long loop of Henle 

b. Glomerulus is situated superficially in the cortez 

c. Efferent arteriole has no connection with vasa 
recta 

d. None of the above 


. In renal glomeruli, net filtration pressure is: 


b. 10 mmHg 
d. 45 mm Hg 


a. 6mmHg 
c. 15mmHg 


. Which one of the following correct: 


a. GFR=K,x 10 

b. GFR=K,x 125 

c. K,=GFRx 125 

d. None of the above 


. Urine inulin is 50 mg/mL, urine flow rate is 20 mL/ 


min, plasma inulin is 8 mg/mL. True about inulin 

clearance: 

a. Inulin clearance = GFR 

b. Inulin clearance > GFR 

c. Inulin clearance < GFR 

d. Inulin clearance cannot be measured with the 
given data 

Features of a substance to measure GFR: 

a. Not freely reabsorbed 

b. Freely filtered through glomerular membrane 

c. Not secreted by kidney 

d. All of the above 

Not present in glomerular filtrate: 

a. HCO; b. Glucose 

c. Albumin d. Urea 


10. Which of the following mechanism decreases GFR 


ih 


12. 


when flow through loop of Henle increases? 
a. Countercurrent exchange 

b. Tubuloglomerular feedback 

c. Glomerulotubular balance 

d. None of the above 

Which has the lowest clearance? 
a. Glucose 

b. Inulin 

c. Urea 

d. PAH 

HCO; is mainly reabsorbed in: 

a. Proximal convoluted tubule 

b. Distal convoluted tubule 

c. Loop of Henle 

d. None of the above 








13, Which of the following is present in ascending limb | 
of loop of Henle? | 
a. Na*-Cl cotransporter | 
b. Na*-K*-2Cl cotransporter | 
c. ENaC channel | 
d. SGLT | 

14. Which of the following is the correct equation 
regarding anion gap? | 
a. (Na*] - (C-] -{HCO;]_ b. [Na‘] + [Cr] - [HCOZ 
c. [Na* ] + (CH +[HCO, -] d. None of the above 


; im NMCQs Answers 


1. Ans. B. Renal blood flow is 1-1.5 L/min, averaging about 
1200 mL/min. 

2. Ans. B.‘P’ (Principal) and’! (Intercalated) cells are present — 
in late distal tubule and collecting duct. 

3. Ans. C. Effective renal plasma fiow is about 625 mL/min 
(with an extraction ratio of 0.9). So, renal plasma flow = 
625/0.9 = 700 mL/min and renal blood flow is about 1200 
mL/min. 

4. Ans. A. Jutamedullary nephron has a long loop of | 
Henle extending up to the tip of the renal pyramid. [ts | 
glomerulus lies in the deeper part of the cortex and vasa | 
recta arise from its efferent arteriole. 

. Ans. B. Net filtration pressure in the glomeruli = (P__— P.) 
- (1. -— 11,) = (45 - 10) - (25 - 0) = 10 mm Hg. 

(Here, P = Hydrostatic pressure, 7 =osmotic pressure, GC 
= Glomerular capillary, B= Bowman's space). 

. Ans. A. Net filtration pressure = 10 mm Hg (See Q. 5). So, 
GFR = Kf x. Net filtration pressure = Kf x 10 mL/min. 

. Ans. A. Inulin clearance = (Uin x V)/ Pin = (50 x 20)/8 = 
125 mL/min. So, inulin clearance = GFR. 
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8. Ans. D. A substance used to measure GFP . nage 
freely filtered but should neither be eztcn. 
secreted by the kidney tt 

9. Ans. C. Glomerular filtrate which is ar rata, 


11. 


contains ail plasma constituents eg 400 - 3 
urea) with the exceotion of plasma orct=ins lie 


| 10. Ans. B. Increased fiow through loop of Here +. _ 


GFR by tubuloglomeruler feedback In sto. ~ 
increased flow activates Ne-°-20 Terscorter ip 
a Al? ubich by aap onueeersee ee 
and ATP which, by acting on respective r=cector: —. 
constriction of afferent arteriole and educcGee 
iphtenionesseapameiaaeten, 
glucose is excreted through urine Therefore ces. 
of glucose is zero. (Clearence = = Amount areeditie. 
concentration of the substance). 


12. Ans. A. Main site of bicarbonate reabsorption is > x, 


_ 13. Ans. B. Na- 


there itis known as redemation of bicarborat= que p+ 
indirect mode of reabsorption from the lume: = 
(HCO. “combines with secreted FF ions in De mens 
form H.CO, which dissocdates into CO_ anc sae & 
enters into epithelial cell, combines with +0 == == 
H_CO, which breaks down into H- and HOO- aC = 
finally reabsorbed.) / 

~-2CF is present in thick ascending ims 
loop of Henle. (N2-Cl cotrensporter 'S oresect im cary 
DCT. ENaCs are present in late diste! tudule anc aie 
collecting duct. SGLT is found im PCT. 


| iapiematd tints inch ote ana embasiy 


principal cation concentration and sur of ommoge 
anion concentration. [K"] concentratior © 2eS sme £ 
negligible. So, anion gap = [Na] - [" - Co 
HCO. being the principal anions. 
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pINTRODUCTION 


|. E--ry day in our body, a huge number of chemical 
--. dons are taking place. All these chemical reactions 
ollectively called metabolism. 
‘bolism is of two types—(1) anabolism and 
‘tabolism. 
» term anabolism represents synthesis of different 
ances while catabolism signifies breakdown of 
»ounds, 
3. __‘‘ifferent aspects of metabolism may be discussed 
the following headings: 
le of enzymes and coenzymes 
thways of production of energy 
‘  nthesis and breakdown of carbohydrate, fat, and 
‘oteins, 


t 


BENZ MES 


|. Most of the chemical reactions taking place in our body 
have high activation energy and, therefore, they require 
the presence of catalytic agents for completion. Such 

_ Catalytic agents are called “enzymes. 

‘. The reactants in the case of enzyme-catalyzed chemical 
reactions are called substrates. 
The enzymes bind with the substrates forming 

‘nzyme-substrate complex which breaks down to form 

the products and the unchanged enzyme. 

_"* enzymes have the following characteristics: 

4. Although the enzymes catalyze a chemical reaction, 
they themselves remain unaltered and they go 
on Catalyzing the conversion of more and more 
substrates into products. 

Each nzyme has an active site which binds with 
the substrate, The shape of this active site exactly 





Enzymes and 


Carbohydrate Metabolism 


fits with the shape of the binding site of its specific 
substrate, quite similar to a lock and key. 

Thus, the specificity between a particular enzyme 
and the corresponding substrate is determined by 
the complementary shapes (configurations) of their 
binding sites. 

c. The enzyme increases the rate of reaction by 
lowering the activation energy but it does not affect 
the amount of energy liberated or taken up by the 
reaction. 

d. Ifa chemical reaction does not occur in the absence 
of an enzyme, the enzyme on its own cannot initiate 
the reaction and increase its rate. 


Bf COFACTORS AND COENZYMES 


1. Sometimes, the enzymes require the presence of other 


substances, usually trace metals, e.g. Cu, Zn, Mg, etc. to 
become active. These are called cofactors. 


. Coenzymes have functions similar to cofactors. The 


differences are: 

a. The coenzymes are organic molecules 

b. The coenzymes, unlike cofactors, take active part in 
the chemical reactions and they are involved in the 
transfer of small molecular groups like H.,, acetyl, or 
methyl groups. 

In a subsequent reaction, these groups are 
transferred back. Thus, they recover their original 
form and resume their catalyzing function. 

c, Coenzymes are derivatives of vitamins. Nicotin- 
amide adenine dinucleotide (NAD*) and flavin 
adenine dinucleotide (FAD) are two very important 
coenzymes involved in energy production and they 
are derived from niacin and riboflavin, two compo- 
nents of the B group of vitamins. 
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ENERGY TRANSFER IN CELLS AND 
HIGH ENERGY COMPOUNDS 
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i FACTORS REGULATING THE RATE OF 
ENZYME-CATALYZED REACTIONS 














1. Concentration of substrate: The rate of chemical 
reaction is increased by increased concentration 
of reactants. In enzyme-mediated reactions, the 
rate of reaction increases with increase in substrate 
concentration but only up toa certain limit. 

This is because as the enzyme becomes saturated 
with the substrate, the rate of reaction becomes 
stationary at a constant level. 

_ Enzvme concentration: When the substrate has satu- 
rated the enzymes, increasing the enzyme concentra- 
tion (by adding additional enzymes) increases the rate 
of reaction still further. This is because the addition of 
enzymes increases the number of unoccupied active 
sites available to substrates. Obviously, this will increase 
the rate of reaction. 

. Enzyme activity: Even when substrate concentration 
and enzyme concentration are the same, the rate of 
reaction can be altered by altering enzyme activity. 

Enzyme activity can be altered by allosteric or 
covalent modulations. 

In allosteric modulation, noncovalent binding of a 

ligand to the enzyme at a different site other than its 
active site, changes the properties of the active site, 
thereby, altering the affinity of the enzyme for the 
substrate and changing the rate of reaction catalyzed 
by the enzyme. 
. In covalent modulation, similar change in enzyme 
activity is brought about by covalent binding of a 
chemical group at a different site other than the active 
site of the enzyme. Phosphorylation of the enzyme by 
protein kinase is an example. 


Bf RATE-LIMITING REACTION 


1. In the body, metabolic pathways consist of a series of 
enzyme-catalyzed reactions occurring sequentially. 

. The rates of the different reactions are different 
depending on the activity and concentration of the 
enzymes. 

However, one of the reactions is slowest. Since rate of 
chemical reaction depends on substrate concentration, 
the slowest chemical reaction, by reducing substrate 
concentration, limits the rate of all subsequent chemi- 
cal reactions. 

So, it is called the rate-limiting reaction. 

. The rate-limiting reaction may be modified by 
allosteric or covalent modulations of the rate-limiting 
enzyme and this influences the whole metabolic 
pathway. 


1. Energy is liberated in the cells by the breakdows, 
carbohydrate, fat, and protein. oe 

2. This energy is produced partly in the form of heat wh. 
the cell is unable to utilize. , 

3, The other important form, in which ENETBY is stp, 
and transferred to other chemical compounds, ;, : 
high energy phosphate bond of adenosine triphosph.,. 
(ATP). . 

4. When one ATP is broken down to form adenog:. 
diphosphate (ADP) and phosphate (Pi), as nia. 
7 kcal/mol of energy is liberated. ' 

5. The energy liberated by breakdown of ATP is useq ¢.. 
a. Contraction of muscle ) 
b. Active transport of substances against ele... 

chemical gradient 
c. Effecting specific chemical reactions. 

6. Apart from ATP, other high energy compounds inciy;. 
guanosine triphosphate (GTP) and creatine phosphg:- 

7. Guanosine triphosphate plays an important ry). 
in signal transduction whereas creatine phosphzr: 
is found in muscles where it supplies energy in 4; 
anaerobic state. 

8. Acetyl coenzyme A is another high energy compoun: 
which, because of its high energy, readily reacts wit 
many substances. Hence, it is called active acetate. 

It plays a vital role in the intermediary metabolisz 
of carbohydrate, fat, and protein. 


i HYDROGEN-ACCEPTING COENZYMES 


1. Hydrogen-accepting coenzymes play an important 
role in oxidation-reduction reactions in the cells. 
These coenzymes include NAD*, NADP, and FAD. 
(NAD is nicotinamide adenine dinucleotide, NADP s 
nicotinamide adenine dinucleotide phosphate, an¢ 
FAD is flavin adenine dinucleotide.) 

2. All of these coenzymes oxidize other compounds }) 
accepting hydrogen atoms from them. 

3. These hydrogen atoms are ultimately passed onto He 
flavoprotein-cytochrome system where hydrogen atom 
combine with oxygen forming water and at the 
time ATP is synthesized (see below). 


Hf OXIDATIVE PHOSPHORYLATION (FIG. 60.1) 


1. Although some ATP can be synthesized by subst** 
level phosphorylation (where a phosphate grou? © 
transferred to ADP to form ATP), majority of the 4) 
molecules produced in the body are obtained 
oxidative phosphorylation. 
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Inner mitochondria 1. The carbohydrates present in the diet are mainly 
membrane formed from three hexoses namely—(J) glucose, 
MOODOOC C | (2) fructose, and (3) galactose. The most important of 
S/d as ete them is glucose which circulates in venous blood in a 
| Sa chain concentration of 70-110 mg/mL. 
2. Glucose is phosphorylated inside the cell to glucose-6- 
+2H Matrix phosphate by the enzyme hexokinase. In the liver, this 
60.1: Schematic diagram of oxidative Phosphorylation. The reaction Is catalyzed by the enzyme glucokinase which 
jenydrogenation of NADH transfers electrons to cytochrome is more specific for glucose. Activity of glucokinase is 
“nz: The released energy forces H* ions out of the matrix across stimulated by insulin. 
" a mitochondrial membrane. Subsequently, the reentry of H* 3. Glucose-6-phosphate is metabolized in either of two 
org to the matrix synthesizes ATP, different paths: 
ADP. osine diphosphate; ATP: adenosine tri . ‘ ; 
* ee eens adenine ie = oat hctuman into glycogen, the process being 
(The conversion of glycogen back into glucose is 
) \- hydrogenated coenzymes (NAD* or FAD) transfer H* called glycogenolysis.) 
. and two electrons to the flavoprotein-cytochrome b. Alternatively, glucose-6-phosphate is converted to 
_n (consisting of a series of proteins with Cu and iron pyruvate or lactate and this is known as glycolysis. 
tors). Ultimately, the electrons are transferred to | 4- Conversion of glucose-6-phosphate to pyruvate can 
-en which combines with H’* ions to form water take place through the Embden-Meyerhof pathway 
ding to the chemiosmotic hypothesis, the released involving its breakdown through trioses (three-carbon 
»gen ions (protons) are transferred across the inner intermediaries). 
‘hondrial membrane from the matrix side to the Alternatively, glucose-6-phosphate is converted to 
olic side. The energy is provided by oxidation in 6-phosphogluconate and then into pentoses in the 
tochrome chain. hexose monophosphate shunt pathway. 


‘orms a steep electrochemical gradient of H’ ions 
:s the inner mitochondrial membrane as the H’ | & INTERCONVERSION OF CARBOHYDRATE, FAT, AND 
oncentration on the cytosolic side of the inner | PROTEIN 
chondrial membrane rises to a high level. 
¢ H’ ions now leak back to the matrix and their 
- potential energy converts ADP and Pi into ATP, 
yzed by the enzyme ATP synthase. 
5 two hydrogen atoms attached to NAD’, on being 
»-1isferred to the flavoprotein-cytochrome chain, 
‘~.©ases about 53 kcal/mol of energy. 60% of this is lost 
es heat and 40% (about 21 kcal) is spent in forming ATP. 
since, synthesis of one ATP from ADP and Pi requires 
7 kcal, three ATP are produced from the oxidation of one 
molecule of NAD* containing two hydrogen atoms. 
Energy liberated on oxidation of one molecule of FADH, 
produces smaller amounts of energy. Two molecules 3 
of ATP are synthesized on oxidation of one molecule 
of FADH.. 
Kate of formation of ATP depends on: 


* Supply of ADP which again depends on rate of ATP Bf GLYCOLYSIS (EMBDEN-MEYERHOF PATHWAY) (FIG. 60.2) 


1. In presence of oxygen, pyruvate is broken down to 
acetyl-CoA which can be synthesized into fat. Thus, 
glucose can be converted into fat. 

But, as the breakdown of pyruvate into acetyl-CoA is 
an irreversible, unidirectional reaction, fats cannot be 
converted into glucose. 

However, glycerol, derived from fat, can be converted 
into dihydroxyacetone phosphate and then into glucose 
but this is quantitatively insignificant. 

2. Some amino acids, after deamination, give rise to 
products which enter the Embden-Meyerhof pathway 
or the Krebs cycle and can be converted into glucose. 

. Synthesis of glucose from fat or proteins (non- 
carbohydrate sources) is called neoglucogenesis or 
gluconeogenesis. 


xo 


utilization 
b. Supply of “fuel molecules’ e.g. glucose, fats, and | 1. The process of glycolysis breaks down glucose into 
other intermediaries | pyruvate or lactate and at the same time there is a net 


C. Supply of oxygen, | production of two molecules of ATP 
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NADH + H’ NAD" 





Phosphoenolpyruvate 
ADP 
ATP 
NADH + H* NAD* 

[ANAEROBIC] 

CoA 

[AEROBIC] 
Lactate 
co, 





2. The enzymes of glycolysis are present in cytosol and the 
mitochondria are not required for this process. 

3. The conversions of (a) glucose to glucose-6- 
phosphate and (b) fructose-6-phosphate to fructose-1, 
6-bisphosphate require the breakdown of one molecule 
of ATP at each of these steps. Thus, two molecules of 
ATP are used up during glycolysis. 





NAD* NADH + H” | Glucose 


Acetyl-CoA 





ATP 


Fig. 60.2: Pathway of glycolysis and Krebs cycle. 
(ADP: adenosine diphosphate; ATP: adenosine triphosphate) 


4. Again, the conversions of (a) 1,3-bisphosphos'ye* 
to 3-phosphoglycerate and (b) phosphoenolpy™u** 
to pyruvate produce one molecule of ATP at eac® step 
by “substrate level phosphorylation* 

In the glycolytic pathway, one molecule of giucos* 
is broken down into two molecules of triose (® 
carbon molecule). Therefore, following breakdow® 
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— ne molecule of glucose, two molecules of | 
” asenhosphogiycerate produce two molecules of ATP | 

iw alecules of phosphoenolpyruvate produce | 

m” amner two molecules of ATP. | 
gin all, from one molecule of glucose, during | 
7 t 

scoivsis, four molecules of ATP are synthesized. As | 
ae molecules of ATP are used up, a net gain of two | 


_jecules of ATP takes place from each molecule of | 


So, in 


—- yt 


sp i 

ste of pyruvate depends on the availability of 

; __ -on oxygenisavailable, pyruvate enters into Krebs 
_. But in anaerobic condition, it is converted into 


~ 
~ 
-_ " > 
™ ‘ 
- 


. |anter reaction, pyruvate accepts two hydrogen 
- from hydrogenated NAD- (NADH + H>) to 
> hydrogen-free NAD-. 
-o be noted that in the glycolytic pathway, 
-sion of 3-phosphoglyceraldehyde to 1,3- 
sphoglycerate added two hydrogen atoms to 


_ conversion of pyruvate to lactate, by regenerat- 
> NAD> from NADH + H;, helps in maintaining 
-tinuity of the glycolytic reactions. 

7] -ever, pyruvate enters Krebs cycle, the four 
-en atoms from NADH + H will undergo oxidative 
norylation producing 2 x 3 = 6 molecules of ATP. 

; 7 -lycolytic process is the exclusive pathway of 

- se metabolism in red blood cell (RBC) (where 
-» --2 sno mitochondria) and in some skeletal muscles 

\oere mitochondria are sparse and there is an 
anundance of glycolytic enzymes). 

4. Galactose and fructose are converted into intermediate 

products of the glycolytic pathway and are metabolized 
in similar fashion. 


A re nee 


I KREBS CYCLE (FIG. 60.2) 


Krebs cycle, also known as the citric acid cycle or | 
incarboxylic acid cycle, consists of a chain of reactions | 
initiated when one molecule of acetyl-CoA reacts with | 
‘our-carbon oxaloacetate to form citrate. | 

-Acetyi-CoA is derived from pyruvate which reacts with | 
(oA liberating one molecule of CO, and at the same — 
ume donating two hydrogen atoms to NAD forming | 
NADH +H’, | 

the two hydrogen atoms of NADH + H’, on oxidative | 

Phosphorylation, produce three molecules of ATP. 

| 
| 


ee inne . 7 . eit 


— 


m 


i 


‘S one glucose molecule gives rise to two pyruvate 
molecules, in all, six molecules of ATP are formed from 
this reaction. Acetyl-CoA can also be obtained from 
4 sieieds of fat and deamination of amino acids. 
6 € ls Converted into isocitrate and the latter gives 
"ne molecule of CO, to form a-ketoglutarate. | 





~~ 
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Simultaneously, two hydrogen atoms are added to 
NAD* to form NADH + H’. 


. In the next step, a-ketoglutarate gives off another 


molecule of CO, while again adding two hydrogen 
atoms to NAD’ forming NADH + H*. CoA also takes part 
in this reaction, ultimately producing succiny!-CoA. 


. In the next step, CoA splits off from succiny!-CoA to 


form succinate. In this step, one molecule of GTP, 2 
high energy compound is formed. From this molecule 
of GTP, one molecule of ATP can be synthesized. 


. Succinate is then converted into fumarate and two 


more hydrogen atoms are transferred to FAD forming 
FADH.. 


. Next, fumarate is converted to malate. Then, malate 


regenerates oxaloacetate, again donating two hydrogen 
atoms to NAD” to form NADH + H’. 

Oxaloacetate combines with another molecule of 
acetyl-CoA to complete the cycle. 


_ Thus, we can see that in the Krebs cycle, one molecule 


of acetyl-CoA gives rise to two molecules of CO,, three 
molecules of NAD* are converted to 3NADH + 3H’, 
one molecule of FAD is converted to one molecule of 
FADH, and one GTP molecule is formed (this GTP is 
the only high energy compound formed directly in the 
Krebs cycle). Two molecules of H,O also take part in the 
chemical reactions. 

Since, the hydrogenated coenzymes NADH + H” and 
FADH, produced in Krebs cycle can only regain their 
dehydrogenated form by oxidative phosphorylation 
requiring O,, the reactions of Krebs cycle can only occur 
in aerobic conditions. 

The reactions of Krebs cycle are of utmost importance 
in energy production as they produce the hydrogenated 
coenzymes, e.g. NADH + H’ and FADH,, which undergo 
oxidative phosphorylation to liberate large quantities 
of energy. 


. At this point, let us calculate how much energy is 


liberated by the breakdown of one molecule of ghucose 

aerobically: 

a. During glycolysis, there is net gain of two molecules 
of ATP. 

b. 2NADH + 2H’, produced during glycolysis, gives rise 
to 2 x 3=6 molecules of ATP. 

c. During breakdown of two molecules of pyruvate, 
2NADH + 2H" formed give rise to another 2? x 3 = 6 
molecules of ATP. 

d. In Krebs cycle, oxidation of 6NADH + 6H" gives rise 
to 6 x 3= 18 molecules of ATP. 

(One molecule of acetyl-CoA gives rise to 3NADH 
+ 3H’. 

So, one molecule of glucose which produces two 
molecules of acetyl-CoA, ultimately gives rise to 
6NADH + 6H’). 
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e. Oxidation of 2FADH, gives rise to four molecules of 
ATP. 
f. Two molecules of GTP give rise to two molecules of 
ATP. 

So, total number of ATP molecules formed by 
aerobic breakdown of one molecule of glucose 


~2+6+6+18+4+2=38. 


"J GLYCOGENESIS AND GLYCOGENOLYSIS 


1. The synthesis of glycogen from glucose is called 
glycogenesis while the breakdown of glycogen to 
glucose is known as glycogenolysis. 

2. Glycogenesis: 

a. Glucose is converted to glucose-6-phosphate by the 
enzyme hexokinase or glucokinase. One molecule 
of ATP is used up in this reaction. 

b. Glucose-6-phosphate is then converted into 
glucose-1-phosphate which is then converted into 
uridine diphosphoglucose (UDPG). 

c. Glycogen is synthesized from UDPG, catalyzed by 
the enzyme glycogen synthase. 

3. Glycogenolysis: 

a. In the process of glycogenolysis, glycogen is acted 
upon by the enzyme phosphorylase a which breaks 
it down into glucose-1-phosphate. 

b. This is then converted into glucose-6-phosphate. 
This glucose-6-phosphate can then enter into 
glycolytic pathway and Krebs cycle to produce 
energy. 

. Alternatively, the glucose-6-phosphate is dephos- 

phorylated by the enzyme glucose-6-phosphatase 

Mo liberate glucose which enters into the blood- 

_ stream to be taken up and utilized by other organs. 

4. The hormone epinephrine stimulates glycogenolysis in 
the following way: 

Epinephrine acts on B, -receptors in the liver > the G 
protein of Gs type is activated — the enzyme adenyly| 
cyclase is activated and converts ATP into cyclic 
adenosine monophosphate (cAMP) > cAMP activates 
protein kinase A — Protein kinase A phosphorylates 
“inactive phosphorylase b kinase” into “active 
phosphorylase b kinase” - the activated phosphorylase 
b kinase phosphorylates phosphorylase b into 
phosphorylase a-finally the enzyme phosphorylase 
a converts glycogen into glucose-1-phosphate. 

At the same time, protein kinase A phosphorylates 
glycogen synthase which is inhibited. Thus, epinephrine 
stimulates glycogenolysis and inhibits glycogen 
synthesis. 

5, a. The enzyme glucose-6-phosphatase is present in the 
liver and also in the kidney. Therefore, these organs 
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can liberate glucose from glucose-6. 
the blood and cause a rise in blood Blucose). 
b. Skeletal muscles do not contain this ‘ Pie 
(glucose-6-phosphatase) and therefore, hu 
phosphate enters the glycolytic pathway i, Ping 
muscle, causing an increase in blood bactaty ita 
6. Epinephrine stimulates phosphorylase in both an 
skeletal muscle. Thus, as explained above, theres ai 
in both glucose and lactate levelsinbloog 
But, in contrast, glucagon can stimulate pho 
phorylase only in liver. So, glucagon causes an ine. 
in blood glucose level only and blood lactate je...” 
unaltered. / 


Phosphas, I 






















Bf] NEOGLUCOGENESIS 


1. The synthesis of glucose from noncarbohydrate Source 
such as protein and fat is called neoglucogenesis 

2. It has already been pointed out that fats canno; be 
converted into glucose in the body. This is becaus: »; 
two reasons: 

a. The reaction involving breakdown of pyruvate », 
acetyl-CoA is an irreversible one. Hence, acetyl-Cos 
the breakdown product of fatty acids, cannot be 
converted to pyruvate which can easily synthesiz: 
glucose. 

b. The other possible route for acetyl-CoA to 
synthesize glucose is through oxaloacetate which 
can be converted to phosphoenolpyruvate and ther 
to glucose. 

But, acetyl-CoA cannot be converted to oxaloac- 
etate through Krebs cycle as it is degraded into two 
CO, molecules before it can form oxaloacetate. 

3. However, the glycerol part of fat can be converted into 
intermediates which ultimately synthesize glucose. Bu! 
quantitatively, this pathway is insignificant. 

4. Amino acids, the structural units of proteins, can 0 
converted into keto acids by oxidative deamination & 
transamination (see page 366). 

Some of these keto acids are intermediates of 
glycolytic pathway or Krebs cycle. They then enter thes 
pathways and can be synthesized into glucose. 


Bf ROLE OF LIVER IN CARBOHYDRATE METABOLISM 


1. The liver plays the important role of stabilizing blood 
glucose level (glucostatic function). | ? 

2. When the blood glucose is low, the liver dischare® 
glucose into the blood by processes like glycob® ate 
On the other hand, when the blood glucose lev 
high, the liver takes up glucose from blood and conver 

it into glycogen. 
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,, The glucostatic function is aided by a number of | FACTORS CONTROLLING BLOOD GLUCOSE LEVEL 


hormones. 
x cone ND BLOOD GLUCOSE CONCENTRATION 


), Glucose circulating in blood is freely filtered by the 
"renal glomeruli. When plasma glucose level is normal, 
almost all of the filtered glucose is reabsorbed in the 
renal tubules and normally the urine contains only 
traces of glucose. 
However, ifthe plasma glucose concentration crosses a 
critical limit called the renal threshold, glucose appears 
in the urine in significant amounts. 
This is because, the filtered load of glucose exceeds the 
maximum reabsorptive capacity of renal tubules (7mG) 
hen the plasma glucose concentration exceeds the 
-enal threshold. Now, the unreabsorbed glucose passes 
, yrine and this is known as glycosuria. 


treo 
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1. Plasma glucose is lowered by some factors while others 
elevate blood glucose concentration. 
2. Plasma glucose level is influenced by the following main 
factors: 
a. Amount of glucose intake in diet 
b. Uptake of glucose by various peripheral tissues 
c. Glycogenesis and glycogenolysis in liver. 
d. Gluconeogenesis. 
e. Role of hormones, e.g. insulin, glucagon, epineph- 
rine, growth hormone, and cortisol. 

Insulin lowers glucose level by increasing glucose 
uptake in tissues and liver and at the same time 
inhibiting glycogenolysis and neoglucogenesis. 

All the other hormones elevate plasma glucose level 
by opposite actions. 
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§ STRUCTURE OF PROTEINS 


|. Proteins are composed of a large number of amino acids 
joined by peptide bonds. The carboxylic end of one 
amino acid binds with the amino group of the adjacent 
amino acid forming a CO-NH bond. 

2. Chain of amino acids is termed as peptide, polypep- 
tide, or protein depending on the number of amino 
acids. 

Peptides contain less than 10 amino acids. The 
number of amino acids in polypeptides is intermediate 
(}0-99) whereas proteins have 100 or more amino 
acids. 

_ a. The structure of protein is usually complex. The 

sequence of amino acids in proteins is known as the 

imary structure of proteins. 

wever, the chain of amino acids may be twisted 

" or may be arranged in helical or other forms. This is 

known as the secondary structure of proteins. 

c. The twisted or folded chains of proteins may be 
arranged in fibers, layers, etc. and this is known as 
their tertiary structure. 

d. Proteins like hemoglobin are formed of multiple 
subunits and the spatial arrangement of the 
subunits is known as the quaternary structure of 
proteins. 

4. Proteins are broken down by proteases or peptidases 
into amino acids. Some of these proteases called 
exopeptidases act at the terminal end, cleaving off 
amino acids one by one from one end of the protein 
molecule. 

5. Others act on peptide bonds present within the 
molecule, dividing it into smaller peptides. These 
proteases are known as endopeptidases. 








4, Inboth the above reactions, an amino acid '» 
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Bf TRANSAMINATION AND OXIDATIVE DEAMINATION 


1. Transamination and oxidative deamination are the two 
key reactions by which amino acids become deaminated 
(i.e. their amino group removed) to form keto acids, 


2. In the transamination reaction, the NH, group of one 


amino acid is transferred to a keto acid. As a result of 
this, the amino acid is converted to a keto acid whereas 
the keto acid receiving the NH, group forms a different 
amino acid. 

For example, the amino acid alanine transfers its 
amino group to a-ketoglutarate (a keto acid) and it 
itself is converted into pyruvate (a keto acid) while 
a-ketoglutarate is transformed into giutamic acid, 
another amino acid. 


3. In the oxidative deamination reaction, the amino 


group is eliminated from the amino acid in the form 
of ammonia (NH,). At the same time, an ««ygen atom 
derived from water is incorporated in th: amino acid 
molecule in place of the removed amin: 3oup. As 4 
result, a keto acid is formed. For examp!*. (he amino 
acid glutamic acid undergoes oxidative deamination 
to form a-ketoglutarate (a keto acid) and ©: 


~o= 


converted 
into a keto acid (e.g. a-ketoglutarate or pyruv ate) which 
is very often an intermediate of the glycolytic pathway 
or Krebs cycle. 


5, Thus, an amino acid after conversion into a keto ait: 


a. Can be broken down into CO, with the formation o 
adenosine triphosphate (ATP) via Krebs cycle. 

b. Can synthesize glucose through the neog! ucogeneut 
pathway by reversing the reactions of glycolytt 
pathway. 

C. Gets converted into acetyl-CoA and synthe 
acid. 


size fatty 
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pEsSENTIAL AMINO ACIDS 


just as amino acids can synthesize glucose and fa 
acid via intermediates in the Krebs cycle or glycolytic | Aspartate 
pathway; similarly amino acids can be synthesized from 
these intermediates derived from fatty acid and glucose. 
> However, of the 20 amino acids normally found in 
~ the body, 10 amino acids cannot be synthesized from 
nonprotein sources. 
These are called essential amino acids and must be 
supplied through food protein. 


P ypEA SYNTHESIS (FIG. 61.1) Tosa. \ Urea 
| \\e have seen that NH, is formed during oxidative . 
~ amination of amino acid. Since NH, is highly toxic, NH, NH, 
_j;ould be promptly detoxified. This is accomplished Fig. 61.1: Urea cycle. 
‘he formation of urea. (NH,: ammonia) 
2 monia in the form of ammonium ion is converted 
rbamoyl phosphate which reacts with ornithine to | 4. Arginine gives off one molecule of urea and regenerates 
citrulline. 


Ornithine. 
line is then converted to arginine via argininosuc- 0. Urea synthesis takes place mainly in the liver and it is 
e. excreted from the body in urine. 


fey 
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2. The fatty acid is first activated by linking it to 2 moleny. 


§ INTRODUCTION of coenzyme A. 

1. Lipids can be classified into the following groups: Although only one molecule of adenosine triphos: 

a. Triglycerides or neutral fat phate (ATP) is used up in this process, the energy spex 

b. Fatty acid and related compounds is the equivalent of two molecules of ATP as both high 

c. Phospholipids energy bonds of ATP are split resulting in the formation 
d. Sterols. of 1 AMP and 2 Pi. 

2. oe ail rsp _ three fatty acid |, Next ina series of identical steps, one molecule «i 

molecules combine with glycero cetyl-CoA is split off from the carboxylic end of the 

3. Fatty acids may have short chain, medium chain, or amie secty acids nmidiedathe ain 

long chain. Naturally occurring fatty acids contain : ; os - 

4 During this, two pairs of hydrogen atoms are Tans- 

even number of carbon atoms. This is because they ie: oe a 

; nen ' ferred, one pair to nicotinamide adenine dinucieouce 

are synthesized by the combination of multiple units (NAD*) and one pair to flavin adenine dinucleotide 

f acetyl-CoA which is a two-carbon compound. ~ 
oo Oe ee (FAD). When these hydrogenated coenzymes are ox: 


4, Phospholipids are amphipathic in nature and they are 
the principal constituents of cell membrane. 

5. Sterols are an important class of lipids. Hormones like 

cortisol, aldosterone, the sex hormones like androgens 

and estrogens, vitamin D, bile salts, and cholesterol 


dized during oxidative phosphorylation, these two paws 
of hydrogen atoms produce 3 + 2 = 5 molecules of AIP 
4. Now, during the breakdown of 18-carbon s.curated faty 
acid, the above steps are repeated eight tines producing 
belong to this class of compounds. 16 pairs of hydrogen atoms which produce 8 x 5=# 
. Fats have the important function of storing energy. molecules of ATP. 

Almost 80% of the stored energy in the body lies in the 5. At the same time, nine molecules of acety!-CoA a 

| 

| 





lipids. — produced which enter the citric acid cycle. Here, eat 
7. Fatis stored in the body in adipose tissue which consists acetyl-CoA molecule produces 12 molecules of ATP 
of clusters of adipocytes. In these cells, the cytoplasm (vide carbohydrate metabolism). Thus, another 9 * l2 

, ee big oni of fat. ae = 108 molecules of ATP are formed. 
ee a 0 : pocytes Is to synthesize triglyceride 6. So, in all, an 18-carbon saturated fatty acid on compe 
‘But aan neni Suntan, alti ‘ie aes B-oxidation gives rise to 40 + 108 = 148 molecules of A1? 
able, the store 7 Sica i, molecules of 
triglycerides in the adipocytes are broken down into | ee es eee on eee 
fatty acids and glycerol to be utilized by other cells for : 
producing energy. 


ATP required in the initial step of activating he 


acid, the net production of ATP from the B-oxidanion 


of an 18-carbon saturated fatty acid amounts (0 1° 


Hf B-OXIDATION OF FATTY ACIDS matecules of ATP. | 
. _ 8. In contrast, one molecule of the carbohydrate gluces* 
i The fatty acids can be broken down inside the | after passing through Krebs cycle and oxidative 
mitochondria of the cell into acetyl-CoA molecules by _ phosphorylation, can only produce 38 molecules of 


6-oxidation. ; ATP 
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Acetoacetyl-CoA CoenzymeA 


CH,.CO.CH,COOH 
Acetoacetic acid 


Ns) 


CH,-CHOH.CH,COOH 
B-hydroxybutyric acid 


Fig. 62.1: Formation of ketone bodies. 


CH,.CO.CH, 
Acetone 


- been calculated that, weight for weight, a fatty 
an produce two and a half times as much energy 
-rbohydrate molecule can produce. 


BODIES (FIG. 62.1) 


nolecules of acetyl-CoA condense to form 
.cetyl-CoA with release of one molecule of CoA. 
action is catalyzed by the enzyme f-ketothiolase. 
- liver, due to the presence of the enzyme deacylase, 
-etoacetate is released from acetoacetyl-CoA. 
sacetate is also formed by an alternative 
cway from 3-hydroxy-3-methylglutaryl-CoA 
iG-CoA). 
_-etoacetate may be decarboxylated to acetone or 
recuced to B-hydroxybutyrate. 

These three compounds, e.g. acetoacetate, B-hydro- 
x) butyrate, and acetone together, are known as ketone 
bodies. 
hen the products of glucose metabolism are deficient 
4s in starvation or diabetes mellitus, acetyl-CoA cannot 
enter Krebs cycle, or when fatty acid breakdown to 
acetyl-CoA is excessive, compared to utilization of 
acetyl-CoA in Krebs cycle, acetyl-CoA accumulates 
forming acetoacetate and the other ketone bodies in 
large amounts. 

The tissues can oxidize ketone bodies to some 
“xtent but their capacity to do so is exceeded when 
ketone bodies are produced in large quantities. As a 
fesult, ketone bodies circulate in blood. This is known 
4s ketosis. It may be associated with characteristic 
*weetsh smell of acetone in breath. 

Acetoacetate and 8-hydroxybutyrate are strong acids. 

they are buffered in order to maintain the pH within 

the normal range. 

wane the buffering capacity is overwhelmed, 
‘C acidosis results, e.g. diabetic ketoacidosis. 
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ao + CH, CO.SCoA <— CH,.CO.CH,CO.SCoA + CoA-SH | ff BROWN FAT 


a. Phospholipids which are the principal constituents 
of cell membrane 

b. Neutral fat mainly found in the adipocytes. 

But another type of fat is present in the body called 

brown fat. It has the following special characteristics: 

a. Itis found more in infants over the nape of the neck, 
between the two scapulae and around the aorta and 
vena cava in thorax and abdomen. 

b. The fat cells as well as the blood vessels supplying 
them are richly supplied with sympathetic nerves. 

In contrast, white fat cells have very little sympa- 
thetic innervation. 

c. Whereas white fat cells contain a solitary big droplet 
of fat, brown fat cells contain a number of small fat 
droplets. 

d. Brown fat cells, unlike their white counterparts, have 
plenty of mitochondria. But the nature of oxidative 
phosphorylation is somewhat different from that in 
other places. 

e. Normally, return of protons into the matrix in the 
mitochondria, aided by the steep electrochemical 
gradient of H’ ions (protons) across the inner mi- 
tochondrial wall, produces ATP catalyzed by ATP 
synthase. 

But, in the mitochondria of brown fat cells, in 
addition to this normal inward proton conductance 
generating ATP, another parallel path of inward 
proton conductance operates without any formation 
of ATP. 

Thus, there is uncoupling of ATP generation from 
oxidative phosphorylation. At the same time, more 
heat is generated. 

f. Stimulation of sympathetic nerves supplying brown 
fat — lipolysis with increased oxidation of fatty acid 
in mitochondria > more heat is produced instead 
of ATP due to uncoupling of ATP production from 
oxidative phosphorylation. 

Thus, degree of sympathetic stimulation regulates 
efficiency of food utilization. 

Greater the sympathetic stimulation, less is the 
food efficiently utilized (due to heat production in 
brown fat) and less is the weight gain. 

g. The production of heat by brown fat is probably an 
important means of adaptation to cold. 

h. The postprandial heat production is partly 
contributed by specific dynamic action of food and 
partly by brown fat. the latter is corroborated by 


increased neural discharge to brown fat after meals 


EE 


1. Lipids found in the cell belong to two main categories: 
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B INTRODUCTION 


1. 


> 


Ov 


The daily metabolic and physical activities of the body 
require energy. This energy is derived from a balanced 
diet which is essential to maintain adequate nutrition. 


. Abalanced diet contains food of various types in proper 


proportions. Food contains the macronutrients, e.g. 
protein, carbohydrate, and fat in addition to micronu- 
trients, e.g. vitamins, minerals, and water. 


. Food is essential for: 


a. Supplying energy and heat to the body 
b. Meeting the demands of growth, convalescence, 
and repair of wear and tear in tissues. 


. Nutrition is the overall process of digestion and absorp- 


tion of consumed food followed by incorporation of the 

nutrients into tissues. 

A balanced diet must provide: 

a. The energy to meet the basal metabolic requirement 

b. The additional calories required due to specific 
dynamic action of food 

c. The energy required by physical activity 

d. The specific requirements of growth, convalescence, 
pregnancy, and lactation 


e. The macro- and micronutrients in adequate 
amounts, 


Bf CALORIE REQUIREMENT OF THE BODY 


., 


According to the Indian Council of Medical Research 
(ICMR) studies, the total calorie requirement in a 
person at complete physical and mental rest is: 

a. For males > approximately 40 kcal/h/M? body 
surface area. This amounts to about 1,500-2,000 
kcal/day. 

b. For females —> approximately 35 kcal/h/M? body 
surface area. This amounts to about 1,200-1,500 
kcal/day. 


Total energy requirement of a person can be 
follows: 


2. The total calorie requirement ofa person is depender; 
on: 
a. Age: 
¢ The calorie requirement varies with age. Itisyex, 
high in infants compared to body weigh, } being 
about 750 kcal/day in the first 3 months and ax 
rises to about 1,000 kcal/day by Ist vear 
¢ In growing children and adolescents, i: 
calorie requirement is much greater to meet ths 
demands of growth and activity. 
¢ In old age, the calorie requirement falls with 
decreasing basal metabolic rate (BMR) and 
physical activity. 
b. Sex: Calorie requirement is 20% lower in females 
than that in males of same age. 
c. Physical activity: Daily caloric need ‘s influenced 


by degree of physical activity. The da’-y activity of 
people has been classified into “ligh:. “moderate: 
“heavy, and “very heavy” work. Acc. ‘dingly, they 
require 10%, 20%, 30%, and 40% addi: onal calories 
respectively. 

d. Body weight: In a particular ind). ‘cual, dail 
calorie need varies in direct proport:on with bis 
body weight. | 

e. Climate: Calorie need is lower in ho! climate ate 
higher in cold climate. 


alculated ® 


a. Energy spent to meet the basal metabolism. 1" * 
young adult male, this is 1 kcal/h/kg = 1.400 keal day 
approximately. 

b. Energy required for day-to-day light activiues es 
sitting, standing, walking, dressing, etc. @ 40 keal BS 
8 hours. _ 

c. Energy spent on occupational activities. This 
light work (sedentary work @ 50 kcal/h), moder 
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work ot heavy work (hard eee _ Stonecutters, M—methionine, P--phenylalanine, T—tryptophan, 
njacksmith, etc, consuming 100-300 keal/h for 8 hours) anil Mctleannlae 
3. The available protein in the diet may be animal 
g special GROUPS protein or vegetable protein. Proteins containing all 
| pregnancy: Additional 300 kcal is required daily, the essential amino acids are called first class proteins. 
' T ration: Additional 550 kcal/day is required in the Animal proteins are usually first class proteins. 
; <6 months; additional 400 kcal/day is required in 4. Although vegetable proteins are second class proteins, 
; | next 6 months. i.e. they cannot provide all the essential amino acids 
ne . ‘ , ‘ 
_ hildren: They require much greater energy relative to singly, a mixture of two different vegetable proteins can 
ett body weight, because of: often effectively supply all the essential amino — 
~ increased growth rate specially during puberty required by the body and has high nutritive value. is 
is known as supplementation of proteins. Vegetarians, 
who subsist solely on second class vegetable proteins, 


High degree of physical activity 

ished children requir 

ae maak the cauiauaes a ca can obtain all required essential amino acids through 

4h” supplementation of proteins. 

ala bs 5. When amino acid composition of a protein closely 

d persons: Individuals over 40 years require less p ao P sited 
-gy mainly due to reduced BMR. resembles human body proteins, it can be assimilate 
most economically, i.e. less quantity of such protein Is 
required to meet the requirements of the body. Such 
a protein is then said to have high biological value. 
Animal proteins usually have high biological value. 

6. Daily protein requirement: Daily protein requirement 
is 1 g/kg body weight in an adult. In growing children, 
convalescence, pregnancy, and lactation, this may 
increase to 1.5-2 g/kg body weight. 






f —CIPLES OF PREPARING A BALANCED DIET 


. daily protein requirement must be adequately met 
- About 15-20% of the daily energy requirement will 
met by this. 
e daily fat requirement should then be met. This 
suld provide another 20-30% of energy. 


»e remaining energy should be provided by carbohy- 
ats 


rales. 
4 Attention should be paid to the requirement of micro- | Fat, in the diet, has some important functions. 
nutrients. These are: 
a. Fat contains energy in high concentration. Thus, 1 g of 
B MACRONUTRIENTS fat provides 9 kcal of energy. 
—_— b. Fat helps in the absorption of fat-soluble vitamins 


(A, D, E, and K). 


|. Protein is a very important component of diet. Thisis | _c. Fat is the source of essential fatty acids, e.g. linoleic, 


because: linolenic and arachidonic acids. Deficiency of these 
a. It is essential for repair of daily wear and tear of fatty acids has been shown to cause dermatological, 
tissues. renal, and reproductive defects in rats. 


b. It is required for synthesis of enzymes, hormones, 

| antibodies, etc. 

c. It forms new tissues in growing children, convales- 
cence, and pregnancy. 

d. Proteins also act as alternative sources of energy 
during starvation. 

2. Proteins are synthesized from about 20 different types 

of amino acids. Of these, 10 amino acids cannot be 

synthesized in the body and they are called essential 

amino acids. They must be supplied in food to meet 

their daily requirements of the body. 

The essential amino acids can be memorized by 
the mnemonic—AV Hill, MPTT after the name of the 
famous physiologist Sir AV Hill. 

The amino acids are A—arginine, V—valine, 
H—histidine, I—isoleucine, L—leucine, L—lysine, 


d. Fat lends palatability to the diet. 


Types of Fat 


Chemically, fats are triglycerides of fatty acids. They are 
classified according to the saturation of fatty acids. Thus, 
they may be: 
a, Saturated fat containing saturated fatty acids 
b. Unsaturated fat containing unsaturated fatty acids, 
The unsaturated fatty acids again may be of two types: 
1. Monounsaturated, e.g, as in olive oil. 
2. Polyunsaturated, e.g, as in: 
a. Soya bean oil 
b. Safflower oil, sunflower oil—which contain @-6 fatty 
acid 
c, Fish oil found in sardine, salmon, ete. which 
contains w-3 fatty acids. 
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Clinical Importance 

Food fat has influence over the process of atherosclerosis 
and related diseases like coronary heart disease. Dietary 
modulation of food fat has, therefore, been advocated 
for prevention of these diseases. The following facts are 
relevant in this regard: 
1. Risk of atherosclerosis has been related to high blood 
cholesterol, high levels of low-density lipoprotein 
(LDL), and low levels of high-density lipoprotein (HDL). 
> Fatrich in saturated fatty acids, e.g. animal fat, coconut 
- oil, etc. is harmful since it elevates blood cholesterol. 
* Hydrogenated fats have the same effect. 

- Monounsaturated fats like olive oil lower plasma 
cholesterol. So, they are highly beneficial. 

_ @-3 fatty acids found in fish oil are also highly beneficial 
as they lower plasma cholesterol and inhibit platelet 
aggregation. 

_ @-6 fatty acids found in sunflower and safflower oils 
also reduce cholesterol and LDL. However, their use 
has fallen into disrepute since they have been shown 
to lower HDL, the protective lipoprotein. 













Requirement 
25% of daily calorie requirement may be provided by fat. 


Carbohydrates 
1. These constitute the bulk of the diet as they are cheap 
and readily available. They also take part in the synthe- 
sis of nonessential amino acids and help in the oxida- 
_ tion of fat. 
wChemically, they are of the following types: 
Monosaccharides, e.g. glucose and fructose 
b. Disaccharides, e.g. sucrose, lactose, and maltose 
. Polysaccharides, e.g. starch, glycogen. 
_ Dietary fiber, e.g. cellulose, lignin, pectin, etc. 
These are carbohydrates which cannot be digested 
in human intestine. They add to the bulk of stool 
and prevent constipation. ‘They are also believed to 
absorb toxins and remove them from the intestine 
Recent studies have suggested their usefulness 
in coronary heart disease, colonic carcinoma, diver- 
ticulitis, and diabetes mellitus. So, their presence in 
diet is more valuable than was previously thought. 
3. Daily requirement of carbohydrate in the diet depends 
on the amounts of protein and fat in it. In Western 
countries, where there is a high intake of protein and 
fat, a low carbohydrate intake (say, 40% of calorie 
requirement) is sufficient. 

In contrast, in poorer sections of developing coun- 
tries like India, whose diet contains low protein and 
fat, carbohydrate intake may provide as much as 80% 
of daily caloric requirement. 
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The usual recommendation is that protein lat —™ 
carbohydrate should provide 10%, 25%, and 65 - 
calories in the diet, respectively. , 


‘fy ff 


Minerals 


1. Human body contains many minerals which s¢,, 
many useful functions. Important minerals inch; i 
iron, calcium, sodium, potassium, magnesium - 
Some minerals are needed in exceedingly ras 
amounts. Examples are zinc, copper, cobalt, fluorin ; 
etc. 

2. Iron is part of hemoglobin, the oxygen-carrying big. 
ment. Itis also contained in myoglobin and 
enzyme systems. = — 

3. Calcium is needed for strengthening bones, especial]; 
in old age and in postmenopausal women. Milk isa 
good source of calcium. 

4. Sodium intake in excess can elevate blood pressure. [i 
should be restricted in hypertensive persons. 

5. Zinc is an integral part of many enzymes. Deficiency 
of zinc may lead to dermatological symptoms, gonadal 
atrophy, and immune deficiency. 

6. Copper circulates in the blood in association with 
ceruloplasmin. Deficiency of copper leads to anemia, 
defects in ossification, and growth retardation. 

7. Iodineis commonly found in seafood. Iodine deficiency 
in diet is common in many parts of India. So, iodine 
is supplemented with common salt as “iodized salt: 
Iodine deficiency may lead to goiter (swelling of the 
thyroid gland) and hypothyroidism. 

8. Fluorine is an important mineral required for the 
growth of bones and teeth. Water is fortified with 
fluorine in areas with fluorine deficiency. 

9. Excess presence of minerals may be detrimental to 
health, e.g. hemosiderosis (excess Fe deposited in 
tissues) leads to pancreatic damage, cirrhosis of livel 

gonadal atrophy, etc. 


Vitamins 
1. Vitamins are essential ingredients of the diet which 
are required for the normal metabolic activities of he 
body. They do not supply energy but they have definite 
specific functions detailed here. 
They cannot be synthesized in the body an 
they must be supplied to the body from food. 
2. Vitamins are classified into two groups: 
a. Fat-soluble vitamins, e.g. vitamins A, D, 
b. Water-soluble vitamins, e.g. 
¢ Vitamin B complex, so called bec 
a number of vitamins belonging | 
¢ Vitamin C. 
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vitamin A 


source 

i jiver oil and halibut liver oil are rich sources of vitamin 
» amin Ais also found in good quantities in egg yolk, 
Si ghee, etc. They may also be derived from B-carotene 
- sreen leafy vegetables and yellow fruits specially carrot, 
sapava. etc. B-carotene is the precursor of vitamin A. 


_-., adults. The requirement is increased in children, 


io . 


, 


Func 

yin A forms part of the visual pigment essential for 
vision 

:in Amaintains the health of epithelial tissues and 
in 

3 in A affords protection from infections. 


y Symptoms 
1, nanges: 
-e earliest sign of vitamin A deficiency is night 
‘indness and appearance of Bitot’s spots which are 
-rayish, raised areas on the conjunctiva. 
». Uryness of conjunctiva and cornea (xerophthalmia). 
c. In severe cases, the cornea may soften and slough 
out. This is called keratomalacia. 

. Skin changes: The skin becomes rough, dry, and scaly 
due to hyperkeratinization. This is called phrynoderma 
(toad skin). 

. Epithelial cells in the respiratory tract, gastrointestinal 

tract, and urinary tract are affected with thickening and 

hyperkeratinization. As a result, infections are common 
with diarrhea and formation of urinary stone. 


rh 
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Prevention 


Vitamin A deficiency and night blindness are very common 
the poorer sections of the community. Oral vitamin A 
‘upplementation in high doses (200,000 IU every 6 months) 
should be given to preschool children to prevent vitamin A 


deficiency, 

Vitamin D 

Source 

Fish fich 1: 
Ish, fish liver oil, butter, eggs, meat, milk, and milk 


pro a mu 
Din rs 'S. Ultraviolet rays in sunlight can produce vitamin 
skin from 7-dehydrocholesterol. 


D ‘ 
_ Requirement 


00 TU of «: | 
an — vitamin D (7.5 yg) in adults. Children, lactating, 
“gant women require more. 
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Function and Deficiency Symptoms 


see vitamin D, (see page number 421). 


Vitamin E 
Source 


Green leafy vegetables, meat, eggs, and milk. Vitarnin F is 
available in a wide range of foods. Hence, deficiency of this 
vitamin is rare in humans. 


Daily Requirement 
About 10-30 mg/day of vitamin E. 


Functions 


Vitamin E is one of the important antioxidants in the 
body. It removes free radicals from the body and prevents 
formation of harmful oxidation products in the tissues. 


Deficiency Symptoms 


As already told, deficiency of vitamin E is rare in humans. 
However, in exceptional circumstances, e.g. malabsorption 
of fat, vitamin E deficiency may occur. The symptoms 
include loss of reflexes, gait disturbances, defects in 
proprioception and vibration sense, etc. along with 
degeneration of posterior columns of spinal cord. 


Vitamin K 
Source 


Green leafy vegetables, fruits, etc. A major source of vita- 
min K is intestinal bacteria which synthesize this vitamin 
in the gut. 


Functions 
y-carboxylation of glutamic acid residues in vitamin 
K-dependent clotting factors (see page number 96). 


Deficiency Symptoms 


Causes of vitamin K deficiency have been mentioned in 
page number 98. Inactivation of vitamin K-dependent 
clotting factors in vitamin K deficiency leads to coagulation 
disorder with increased clotting time but normal bleeding 
time. 


Vitamin B1 (Thiamine) 


Source 

Cereals, pulses, fruits, yeast, meat, fish, etc. ‘Thiamine is 
present in large quantities in the outer covering of cereals, 
Polishing removes this vitamin from rice and cereals, 
Daily Requirement 

1-1.5 mg in adults. 
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Functaons 
: Thiamine acts as a coenzyme in oxidative decarboxy- 
tation of a-keto acids, e.g. pyruvic and a-ketoglutaric 
aceds. 
2. It also takes part in the transketolase reaction in the 
pentose phosphate pathway. 
3. It may have some specific functions in neurons. 


Deficiency Symptoms 

Thiamine deficiency leads to 2 disease complex known as 

heriberi. it may be manifested as: 

|. Wet beriberi, where the cardiovascular system is mainly 
involved. There is marked peripheral vasodilatation 
with arteriovenous shunt, reduced circulation time, 
tachycardia, increased cardiac output, and marked 
venous congestion. High output cardiac failure may be 
present. There is also water retention and edema. An 
acute attack may even lead to cardiovascular collapse 
and death. 

Dry beriberi presents with predominant neuronal 

involvement Three different types are present as 

follows: 

2 Presenting with peripheral neuropathy showing 
loss of reflexes, sensory and motor symptoms 
accompanied by degeneration of myelin sheath. 

b. As Wernicke’s encephalopathy presenting with 
vomiting, nystagmus, paralysis of eye muscles, 
ataxia, and mental confusion. 

c. As Korsakoff’s syndrome presenting with charac- 
teristic retrograde amnesia (failure to recall past 
events) and confabulation (to make up for the 
memory loss by concocted, false statements). 





I~ 


Prevention 
a Byreplacing milled or polished cereals with undermilled 
cereals 
b. Thiamine supplementation in the diet. 





Vitamin B2 (Riboflavin) 

Source 

Liver, fish, milk, milk products, green leafy vegetables, 
Daily Requirement 

1-2 mg/day. 

Functions 

This vitamin is part of the coenzymes flavin adenine 


dinucleotide (FAD) and flavin mononucleotide (FMN) 
which take part in oxidation-reduction reactions in the 


body. 


| 


Deficiency Symptoms 

These include sore throat, cheilosis, angular Stomatin. 
glossitis, seborrheic dermatitis, and normochrom)- ne 
mocytic anemia. | 


Prevention 
Adequate intake of the vitamin in the diet. 


Vitamin B4 (Niacin) 
Source 
Liver, meat, fish, egg, cereals, pulses, and green vegetable; 


Niacin can be synthesized from tryptophan in the bog, 
Hence, it is not a true vitamin. 


Daily Requirement 
10-15 mg/day. Requirement varies with tryptophan 
content in the diet. 


Functions 


Niacin or nicotinic acid is a component of coenzymes 
(nicotinic adenine dinucleotide (NAD) and nicotinic 
adenine dinucleotide phosphate (NADP). Both these 
coenzymes play an important role in various oxidation- 
reduction reactions in the body. 


Deficiency Symptoms 

Niacin deficiency leads to pellagra, a disease which 
previously affected a sizeable population in many parts of 
the world. 

Consumption of maize as the principal cereal together 
with milling of the grain seemed to contribute to this 
disease. 

The symptoms of pellagra are summariz««/ as the three 
D’s. These are dermatitis, dementia, and «\vrrhea. Kept 
untreated, they may lead to death. Glossitis chlorhydria 
due to damage of the gastric epithelium, s'o matius, and 
vaginitis may also coexist. 


Prevention 
Niacin, in adequate amounts in the diet, prevents pellagr. 


Vitamin B6 (Pyridoxine) 
Source 


It is widely distributed in meat, fish, liver, eggs: cereals, 
green leafy vegetables. 


and 


Daily Requirement 
15 mg/day. 


Functions 


any amine 
|. It acts as a cofactor in the metabolism of many @™ 
acids 
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ae ; jgrequired for the synthesis of -aminolevulinic acid, 
~ the precursor of heme . 
- tisalso believed to play a role in neuronal excitability, 
pefciency SYMPFOMS 
scprtid oxine is widely available in food, pure pyridoxine 
cafciency is not seen. However, some drugs notably 
goniazid, penicillamine, cycloserine, etc. inactivate the 
~ action of this vitamin as a cofactor. Supplementary 
zigexine added to the diet alongside the above medicines 
| orev'e ~-s deficiency symptoms. 
| pl = -ptoms include convulsions, dizziness, irritability, 


a) 
.S 
a 














etc. 
| Preve n 
- \itz 6 should be supplemented with isoniazid, oral 
oon __ tive, and other drugs causing deficiency of this 
Pe 
} vital 
| Poni ‘Acid 

Sou! 

Live: meat, eggs, yeast, and vegetables. 

Daily: + uirement 

Functic 


Pantothenic acid is necessary for the synthesis of coen- 
zyme A. 


Deficiency Symptoms 

hese include dermatitis, alopecia, enteritis, etc. 

Prevention 

Due 'o widespread occurrence in food, deficiency of this 
Vitamin is rare. 

Biotin 

Source 


Widely distributed in food especially liver, egg yolk, and 
tomatoes. 


Pally Requirement 
30-109 ug. 


Function 


lac 
'S a8 a cofactor for the carboxylase enzyme. 
Der; 
ficiency Symptoms 


Eticj 

a, a! May arise due to: = 

b, eas of raw egg white which binds with biotin 
“venous alimentation without biotin supplement 
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C. Deficiency of biotinidase enzyme which releases biotin 
from food. 


Symptoms include alopecia, dermatitis, conjunc- 


tivitis, ataxia, etc. Children may suffer from delayed 
development. 


Folic Acid 

Source 

Green leafy vegetable, fish, liver, and eggs. 
Requirement 


100 ywg/day in adults. 300 g/day in pregnancy and 150 ug/ 
day in lactation. 


Functions 


1. Helps in DNA synthesis (see page number 74). 
2. It acts as a coenzyme for single carbon atom transfer. 


Deficiency Symptoms 


Megaloblastic anemia (see page number 74). 


Vitamin B12 
Source 


Found exclusively in animal food, e.g. liver, fish, meat, egg, 
milk, etc. There is no vegetable source of vitamin B12. 


Requirement 


1 ug/day in adults. 
Function, deficiency symptoms, and prevention (see 
page number 75). 


Vitamin C (Ascorbic Add) 


Source 


Amla is the richest source of vitamin C. Other sources 
include citrus fruits (e.g. lemon, orange, etc.), guava, green 
leafy vegetables, and pulses. 

In lower animals, vitamin C is synthesized from glucose. 
However, in primates, the required enzyme is deficient. 
So, man and other primates must obtain vitamin C from 
food. 


Requirement 
40-50 mg in adults. 


Functions 
1, Vitamin C is a powerful reducing agent 
2. Italso acts as an antioxidant and removes harmful free 
radicals 
3. It is involved in hydroxylation of procollagen. Proline 
is hydroxylated to hydroxyproline which is essential for 
collagen synthesis. 
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~ folic acid pool by preventing 
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4, Vitamin C maintains act\ 
oxidation of tetrahydrofolate. 

5. Vitamin C helps in reduction of F 
is required for absorption of iron. 


e’™ to Fe form. This 











Deficiency Symptoms 
Vitamin C deficiency leads to scurvy, a dreaded disease 
of the past. Weaned children and old people lacking this 
itamin in diet suffer from this disease most often. The 


. manifestations are: 
es a. Bleeding gums 
" b. Delayed wound healing 
cc Purpuraand ecchymoses involving the back of legs 

-_ d. Hemorrhage in joints, nail beds, and in muscles. 

~ e. Anemia of normochromic, normocytic type secondary 
to hemorrhage. Macrocytic anemia may occur due to 
concomitant folate deficiency and also due to reduction 
in active folate pool. 


Prevention 
Provision of adequate amounts of vitamin C in the diet, 
especially of children and old people. 


ff DIETARY CONSIDERATIONS IN SOME SPECIAL GROUPS 


A. In diabetics: 

1. Total calorie requirement should be calculated from 
ideal body weight multiplied by average calorie 
requirement (36 kcal/kg in males). 

2. Daily protein intake should be 0.9 g/kg. Daily 
carbohydrate intake should meet 40-60% of calorie 
requirement. Rest of the calories should come from 
fat (20-30% of total calories). 

. In view of the high carbohydrate diet usually taken 
in our country, carbohydrate has to be taken in 
moderation with restricted intake of foodstuffs 
which have relatively high glycemic index. 

_ (Glycemic index of a food indicates the blood 
glucose level reached following ingestion of the 
food. Glycemic index varies with food. High fiber 
foods, e.g. legumes and green vegetables have low 
glycemic index as they are not associated with rapid 
rise of postprandial sugar. ) 

. Prescribing a diet regimen in a diabetic should 
be individualized with special consideration to 
individual lifestyle, dietary preferences, financial 
status, and type of diabetes. 

5. Occasional dietetic freedom rather than a monoto- 
nously followed strict and rigid regimen is prefer- 
able to ensure better compliance. 

6. In insulin-treated patients, adequate and regularly 
spaced food intake is required to avoid hypoglyce- 
mia. 


Oo 
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8. In cardiovascular diseases: Cardiovascytas we 
(CVDs) are etiologically associated with high ches, 
and triglyceride levels, coupled with raised |. ny Ses: | 
HDL levels. ~ 

Therefore, the dietary approach to minimizs -. 
is based on reducing cholesterol, trighycerides 
saturated fat in the diet. 

1. The main principles, enunciated by American 1. 
Association, are: — 
a. Total intake of fat must not exceed 39= 

kilocalories 

b. Saturated, polyunsaturated, and monounsz,, 
rated fatty acid each should roughly CONStita, 
10% of total kilocalories 

c. Cholesterol intake should be less than 39 ~, 
day ” 

d. In hypertensive patients, sodium intake shop). 
not exceed 2.4 g/day. 

2. Role of some special food factors: 

a. Omega-3 fatty acids in fish fat help reduce bles: 
triglyceride level. Greenland Eskimos, who has 
high intake of fish containing omega-3 &m 
acids, have low incidence of atherosclerosis. 

b. Dietary fibers in legumes, green vegetables, a 
reduce serum cholesterol levels and are believe: 
to be useful in controlling CVD. 

c. Antioxidants, e.g. vitamin C, vitamin E, ame 
8-carotene reduce atherosclerosis by preventing 
arterial plaque formation. Hence, they are uselu 
in reducing CVD. 

C. Diet in athletes: 

1. Athletes, in general, require two or more umes 
the basal energy requirement. Male athletes may 
require as much as 6,000 kcal/day when engage¢ 2 
severe exercise. 

2. Carbohydrate is the main source «! energy © 
endurance sports, e.g. in long distance or marathue 
runners. This is because glycogen is the main femme 
stored energy in the body. So, regular -arbohyare 
intake is a must for endurance athlete. | 

3. Athletes require slightly higher daily protes B&* 
of 1-1.5 g/kg/day. However, high protein diet ™ 
have disadvantages such as increased renal load 

4. Extra fat in the diet is useful to an enduraess 
athlete as, in addition to glycogen, fat 's ualized P* 
providing energy. 

In swimmers, increased body fat, Dy increas 
buoyancy, actually decreases workload duces 
swimming. 

5. Athletes lose considerable amounts of ¥=" 
electrolytes in the form of sweat which helps ™ 
loss. 
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Sq, the total loss of fluid and electrolytes must be 


> Mm 
7 


jdequately replenished through fluid drinks and 

mineral-containing foods, e.g. citrus fruits, banana 

aren leafy vegetables, etc. | 

et in the obese: 

-_pietary measures in the treatment of obesity are 

~ ased on weight reduction by calorie restriction. 

. prastic calorie restriction can be done through fasts, 

~ yow or very low calorie diets (these mainly contain 
protein with very low carbohydrate content). These 
measures may cause rapid reduction of weight but 

‘hey cannot be continued for long. Patients may 

<how greater compliance with milder restriction of 

-slories for prolonged periods. 

‘ye main problem with diet therapy in obesity is 
maintain a reduced weight for a long period. It 
quires a very high degree of motivation on the 
-rt of the obese person. Behavior modification 
-hniques modifying the dietary habit may be 
ful. 


WALITIES OF NUTRITION 


-crequirementas well as requirement of individual 
must be met adequately for maintaining proper 
Departure from the normal range, either deficit or 

-n lead to nutritional abnormalities. Nutrients and 

excess may lead to obesity. On the other extreme, 

>r total lack of nutrition may lead to undernutrition 


or = ation. A specific form of undernutrition is protein 
znzrg. malnutrition (see below). 


f ACUTE STARVATION 


Acute starvation may be caused by untreated cases of coma 
or voluntary starvation adopted in protest, e.g. in hunger 
sTrike. 


| ADAPTIVE CHANGES IN THE BODY 
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Since there is no external food supply in starvation, 
calories and nutrients must be met from within the 
body. 

The minimum caloric need is about 1,500 kcal/day. 
initially, this comes from liver and muscle glycogen 
and circulating glucose and fatty acids. But all this 
can hardly meet the requirements of a single day. 
Subsequently, catabolism of body fat is the principal 
source of energy in starvation. 


nee ee ee 


Glucose is essential for utilization by brain. After the 


initial exhaustion of glucose or glycogen store, the brain 
; lize s glucose derived by gluconeogenesis, from amino 
acids produced by breakdown of skeletal muscles. 


4, 


ul 


~] 


8. 


— we meme . — 
_ ee ao Ot 
a ee el —- 


The heart, kidney, and skeletal muscle switch from 
glucose to fatty acids and ketone bodies to meet their 
energy demand. This, further, conserves glucose and 
utilizes fat as the major fuel. 


. The cori cycle, in which pyruvate and lactate, the 


broken down products of glucose metabolism, are 
resynthesized to glucose with the help of energy derived 
from fat, is another measure adopted by the body to 
preserve glucose and utilize fat. 


. In prolonged starvation, decrease in physical activity 


reduces caloric need. Basal metabolic rate decreases. 
Even the brain, in the late stages, switches from glucose 
to fatty acids, in an attempt to prevent protein break- 
down. 


. The increased catabolism of body fat leads to production 


of ketone bodies in large amounts resulting in ketosis, 
ketonemia, and ketonuria. Plasma protein level in 
blood decreases. Blood urea shows an increase due to 
protein breakdown. 

Total starvation, if continued, ultimately leads to death. 


8 OBESITY 


i. 


i) 


Presence of excess fat in the body is known as obesity. 
Normally, fat in the males is in the range of 12-18% of 
body weight while in females, itis between 18% and 25% 
of body weight. A man is called obese when he contains 
fat in excess of 20% of body weight. Similarly, a woman 
is called obese when she contains fat more than 25% of 


body weight. 


. Presence of obesity can be determined by assessing the 


body mass index, also called Quetelet index. Here, the 
body weight in kg is divided by the square of height in 
meters. Normal value lies between 20-25 kg/M°. A value 
greater than 25 kg/M’ indicates obesity. 


. Causes of obesity: 


Genetic—Propensity for obesity is presumed to have 
a genetic origin (see page 540). 

Role of hypothalamus—Hypothalamic appetite and 
satiety centers have an important role in regulating 
food intake. The different theories about regulation 
of food intake have been discussed in detail in page 
625. 

. Socioeconomic status—Obesity is more common 
in backward socioeconomic classes in developed 
countries. However, in developing countries 
like India, obesity is more common in upper 
socioeconomic classes. 

Lack of adequate exercise, overeating, and faulty 
eating habits also contribute to obesity. 


a. 


b. 


d. 


. Illeffects of obesity: Obesity is linked to a large number of 


life-threatening diseases. These are: (a) atherosclerosis 


ut 





_ Treatment: 
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heart disease, (b) diabetes mellitus, 


d (d) cholecystitis. That is why, a 
his body 








leading to ischemic 


(c) hypertension, an 
healthy individual should pay due attention to 


weight and prevent obesity at all costs. 


3. Reduction of calorie intake with full attention to 
adequate intake of essential nutrients 


b. Regular and sustained physical exercise 
c. Appetite-suppressant drugs may be added. 


§ PROTEIN-ENERGY MALNUTRITION 


1. 


i) 


_ Kwashiorkor is a disease in which p 


Protein energy malnutrition occurs when the diet 
is deficient in protein or calories. Protein energy 
malnutrition may vary from predominantly protein 
deficiency to deficiency of both protein and calories. 
rotein deficiency 
predominates over calorie deficit. This disease was first 
described in Ghana in Africa, where in local language, 
the term Kwashiorkor signifies that the first baby suffers 
on arrival of the second baby. This is because the first 
baby is weaned off mother’s milk as the second baby is 
conceived. The first baby, deprived of mother’s milk, is 
now commonly fed a diet inadequate in protein content 
but otherwise adequate in calories. 
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As aresult of protein deficiency, signs . 
develop. tuese chads ene era 
a, Dependent edema which may be generalize, 

severe “O Wher 
b. Skin lesions 
c. Enlarged tender liver 
d. Irritability 
e, Anorexia 
f. Diarrhea, etc. 


Te, 


- Marasmusisa disease at the other end of the specry, 


of protein energy malnutrition. Here, the inta,. ,; 
calories and protein are equally insufficient. The a " 
features in marasmus are: “ 
Loss of subcutaneous fat and muscle tissue 3. 
evident from mid-arm circumference 
_ The skin loses elasticity and is wrinkled 
- Hair is thin and dry and shows alternate bands ¢; 
colorindicating periods of adequate and inadequat 
nutrition. 
d. Lethargy and constipation 
e. Absence of edema. 
Marasmic kwashiorkor is a term used to describe a 
condition with mixed features of both marasmus ang 


kwashiorkor. 


a. 





EEO ned tt 


cm Y= 


Endocrine System 


HS 





64. Mechanism of Hormone Action 
65. The Pituitary Gland 

6. Thyroid Gland 

67. Adrenal Cortex 

68. Adrenal Medulla 

69. The Calcium-related Hormones 
70. Endocrine Pancreas 
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ones: These are chemical substances produced 
scialized cells in ductless glands of the body and 
ton specific tissues called target organs, usually 
‘om their site of secretion. 
rine glands which secrete hormones are ductless 
is. They discharge their secretions internally, i.e. 
slood or extracellular fluid (ECF). 
ds secreting hormone may be of the following 
Tes: 
Endocrine gland: Its secretions circulate in the 
blood and act on distant target organs. 
Paracrine gland: Here, the secretions are 
discharged into the ECF and they act on adjacent 
target cells, e.g. somatostatin in pancreas. The 
paracrine secretions are degraded close to their 
source and this explains their locally limited 
action, 
, Autocrine gland: Here, the secretions of the gland 
act on the gland cell itself, e.g. platelet-activating 
factor (PAF) released from vascular endothelium. 
Neuroendocrine cells: These are neurons with the 
special property of secreting hormones at the nerve 
endings, e.g. antidiuretic hormone (ADH), oxytocin, 
etc. 
an hormones are synthesized in the cell 
ae, a then transmitted along the axpne 
Sees ly secreted from nerve terminals (similar : 
i ieee, Next, the secreted hormones sn 0 
cng ses and exert action on distant target cells after 
tied by blood to those areas. 
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Bi CLASSIFICATION OF HORMONES 


Hormones may be classified in many ways, €-§- 

A. According to chemical nature: 

a. Steroid hormones, e.g. cortisol, aldosterone, etc. 

b. Peptide hormones, e.g. growth hormone (GH), 
adrenocorticotropic hormone (ACTH), insulin, 
glucagon, etc. 

c. Others: Thyroxine, epinephrine, etc. 

B. According to the location of receptors: 

a. Acting on plasma membrane receptors: ACTH, 
insulin, GH, prolactin, etc. 

b. Acting on intracellular receptors: Cortisol, 
aldosterone, thyroxine, etc. 

C. According to the site of action: 

a. Local: Endothelin, somatostatin, etc. 

b. General: Cortisol, GH, etc. 

D. Morerecent classification: Hormones are classified as 
lipid-soluble (group I) and water-soluble (group I1). 
Group II hormones are further subclassitied into 

group IIA, group IIB, group IIC, and group IID according 
to chemical messengers activated by the hormones. 

Thus, group IIA hormones act through cyclic 
adenosine monophosphate (cAMP), group IIB hormones 
act through cyclic guanosine monophosphate (cGMP), 
group IIC hormones act through Ca** or DAG/IP, pathway 
and group IID hormones act via receptors with intrinsic 
tyrosine kinase activity, e.g. insulin, GH, etc. 


Properties of a Hormone Receptor 
1, Ahormone receptor is the binding site of ahormone in 


the cell. 











> Hormones act on tissues bearing horm 
and these tissues are known as target tissues. 

3. The number and affinity of receptors interacting with 
the hormone dictates the magnitude of its action. 

4 Action of hormone cannot increase any further when 

receptors are saturated. Thus, the receptors have 


—— eae 


one receptors 


all the 


a rate-limiting function. | 
_ Often presence of one hormone increases the numbet 


of receptors of another hormone. For example, 
thvroxine increases the number of B-adrenergic 
receptors sensitive to epinephrine in the heart. So, 
just the presence of thyroxine augments the cardiac 
effects of epinephrine. This is termed permissive effect 
of thyroxine on the actions of epinephrine. 

6. The receptors, though highly specific, do permit some 
overlapping functions of separate hormones, e.g. Na* 
retaining property of aldosterone and cortisol. This 
is possibly due to the close structural resemblance 
between the hormones. 

. Receptors may be membrane-bound (attached to the 
cell membrane) or intracellular. 

Intracellular receptors may again be—(a) cytosolic 


and (b) nuclear. 


ol 
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§ AGONIST AND ANTAGONIST 


When a chemical substance having structural similarity 
with a particular hormone, can activate its receptor and 
produce its effects, it is called an agonist. 

On the other hand, when a chemical substance, on 
binding with the hormone receptor, prevents the physical 
binding of the hormone with the receptor and blocks its 
action, it is called an antagonist. 


UPREGULATION AND DOWNREGULATION OF HORMONES 


Upregulation: When the concentration of a hormone is 
decreased, the number of receptors in the target tissue 
increases. This is called upregulation. 

Downregulation: When the concentration of a hormone 
increases, the number of receptors in the target tissue 
decreases, This process is called downregulation. 

Rise in hormone concentration increases the number 
of receptors bound to the hormone. These receptors are 
subsequently internalized into the endocrine cell by 
receptor-mediated endocytosis. This reduces the number 
of available receptors attached to the cell membrane. This 
is what happens in downregulation. It is a sort of negative 
feedback mechanism tending to maintain the effect of a 
hormone at a constant level. 
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Mf G-PROTEINS AND SECOND MESSENGERS 


G-Proteins 


Note: G-proteins translate external signaj, : 
intracellular effects, G-proteins are of two types: (a, hs 
G-proteins and (b) heterotrimeric G-proteins, Here, iy, : 
discuss the latter group in detail and henceforth, (;.yrq,,. 
will mean heterotrimeric G-protein only unless other, 


stated. 


1. Heterotrimeric G-proteins (made up of three differ,.. 
subunits) are attached to the inner surface of ;,) 
membrane. These are closely coupled to a hormon. 
activated or ligand-activated receptor. They ,,, 
activated when a hormone or a specific ligand bing, 
with the cell membrane receptor attached to them, 

2. These G-proteins (guanosine nucleotide binding 
proteins) are made up of three subunits: (1) a, (2); 
and (3) y. The a- and y-subunits are anchored to the 
cell membrane. The a-subunit binds with GDP in the 
resting state. When the hormone binds to receptor 
and produce conformational changes, the G-protein 
is activated, the GDP is released and a GTP molecule 
is taken up by the a-subunit. Then, the GTP bound 
a-subunit gets detached and interacts with other 
membrane-linked enzymes, e.g. adenylyl cyclase, and 
modifies their action. The By-subunits, anchored to the 
cell membrane by y-subunit, may slide along the cel 
membrane and they, too, may take part in modifying 
enzyme activity (see here). 

3. The actions of G-protein end with hydrolysis of GTP 
to GDP. Now this GDP, bound to a-subunit, reattaches 
with By-subunits and the original G-protein is reformed 

4. Both a- and By-subunits mediate the action ol 
G-proteins, sometimes with opposite effects. The 
action of acetylcholine via muscarinic receptors is a 
fine example. 

When the vagus nerve secretes acetylcholine (\ 
which acts on muscarinic receptors in the heart the py 
subunit is activated. This activated subunit causes opel!” 
of Kt-channels in the cell membrane. K’ efflux leads ' 
hyperpolarization and inhibitory postsynaptic poten 
(IPSP) formation. Ultimately this decreases heart rae 

On the other hand, when the vagus nerve secretes 
which acts on muscarinic receptors in the smooth muse 
of stomach, a-subunit is activated. This activated a-subunt 
causes closure of K*-channels leading to depolarizatlo” 
and excitatory postsynaptic potential (EPSP) formation 


(Ach) 


ACh 
cles 


This causes contraction of the gastric smooth muscles. 
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<a two actions of ACh are examples of effe 
anne on ion channels at the cell membrane 
~ ny : | 
Pr also act via second messengers as detailed he 


1! sae ’ 
: protects = 
\! 


STELLA Cm ee) LENS 
G-proteins, with a molecular weight around 


gma have a structure similar to the a-subunit of 
sporrimenic G-proteins. They are GTP-binding proteins 
“> rotheirsmall size, they are called small G-proteins, 
Thev are about 100 in number and they are divided 
=,» groups called (1) Ras, (2) Rab, (3) Rho, (4) Arf, 
=) yan families. 
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specific intracellular target enzymes (proteins) and 
not by the activation of second messengers which 
simply act as intermediaries (see below). 


Hl MECHANISM OF HORMONE ACTION 


Hormones act through different mechanisms which may 
be classified as follows: 
a. Through second messengers, e.g. CAMP, cGMP, Ca™, 
[P3, DAG, etc. 
b. Through intracellular receptors, e.g. thyroxine, cortisol. 
c. Others (autophosphorylation of hormone receptor 
complex), e.g. insulin. 


—-— 


+. Aas proteins are involved in signaling pathways 
> from membrane-linked receptors to the 


ext  * . mitogen-activated protein (MAP) kinase Through Second Messengers 
en vce later). 1. Through cAMP (Fig. 64.1): 
pa ho family of G-proteins regulates structure a. Cyclic adenosine monophosphate is the cyclic form 
of at ye Rab and Arf families are concerned with of adenosine monophosphate. 
esic Sport. b. It is formed by the breakdown of ATP catalyzed by 
. | guanine nucleotide exchange proteins which the enzyme adenylyl cyclase. 
sg )$) and GTPase activating proteins (GAPs) c. Many peptide hormones act through cAMP as their 
wctiy. 0d inactivate small G-proteins like Ras (see second messengers. 
MAP 2 pathway). d. When these hormones bind with their receptors 
located on the cell membrane, a G-protein, usually 
Secon’ = sengers of the Gs variety, is activated. 

, . e. The activated Gs protein, in turn, activates adenylyl 
|,T) tivation of G-protein by a hormone receptor 


cyclase with formation of cAMP from ATP (in 
contrast to the Gs type of G-protein, there is an 
inhibitory G-protein termed Gi. Giinhibits adenylyl 
cyclase and, therefore, the breakdown of ATP to 
cAMP is inhibited. This results in the inhibition of 
cAMP-mediated intracellular actions). 


co, ~ ex leads to reactions that occur close to the cell 
me’ orane. However, physiological actions require 
acti participation of intracellular organelles and 
enzymes lying deep within the cell. 
To achieve this object, a group of intermediary 
molecules are released into the cytosol from their 
precursors lying close to the cell membrane. These 
molecules, known as second messengers, act on 
intracellular enzymes and modify their action. 
Examples are CAMP, cGMP, IP3, DAG, Ca", etc. 
. Three important points should be noted about second 
messengers. These are: 
a. As the action of second messengers involves a series | 
of steps, there is considerable amplification of the 
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cyclase 
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ATP cAMP 











. . Inactive Active 
physiological effect. sachin osohein 
b. Usually the second messengers activate protein kinase A _ kinase A 







kinases for their physiological actions. These actions, 
which are not dependent on gene expression and 
protein synthesis, are extremely rapid. 





_—— 


Phosphorylates 


| | Cellular 
. ‘ | 
c, the number of second messengers is only a few. rig ‘response 
his, at first thought, is astonishing since they ———__— eer 


mediate a large number of diverse physiological 
actions in different organs. However, this may be 
€xplained by the fact that physiological actions 
‘re effected by activation/stimulation of diverse 


Fig. 64.1: Mechanism of hormone action through cAMP as 
second messenger, 


(ATP: adenosine triphosphate; cAMP: cyclic adenosine monophosphate; 
G: G-protein; H: hormone; R: receptor) 
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Cycie adenosine monophosphate, in tum, activates 
cAMP-dependent protein kinase or protein kinase A. 


. Actvated protein Kinase A phosphorylates various 


specific intracellular proteins, mostly enzymes. This 
brings off the physiological effects. 


. lerminaton of action: cAMP-mediated actions are 


terminated in the following ways: (i) By the enzyme 
phasphodiesterase which converts cAMP into 
inactive 5 -AMP. (ii) Specific phosphatases terminate 
cAMP-mediated actions by dephosphorylating 
enzymes or proteins phosphorylated by protein 
Kinase A. 

(As stated before, many different hormones act 
through the same second messenger, e.g. CAMP but 
produce different physiological actions. 

This apparent paradox is explained by the fact 
that the differing actions of different hormones 
are enabled by the different proteins (enzymes) 
contained in the target cells. It is this difference in 
actions of the different proteins (enzymes) in target 
cells that, although activated by the same second 
messenger like cAMP, different hormones lead to 
different physiological actions). 


2. Through cGMP- It should be noted that unlike adenylyl 
cyclase, guanylyl cyclase activity is incorporated in the 
hormone receptor itself and this pathway is not coupled 
to 2 G-protein (see also later). 

3. Through Ca™ ions: 

a. Calcium ion acts as an important second messenger 


in hormone action. Increase in intracellular Ca* 


ions can bring about physiolo oan 
following ways: peeorogical effects In th. 
@ Ca‘ binds with calmodulin, a Specific ale 

binding protein, to form a Ca**-calm Him, 
complex. This activates a protein kin Odujj, 
Ca**-calmodulin-dependent protein kin, alle, 
activated protein kinase Phosphorylat a me Ne 
bringing about physiological effects. Mein 
¢ Ca™ ions may also activate proteins dire 
through an intermediary protein other 
calmodulin and bring about Physiologica} 
b. Increase in intracellular Ca*+ concentration 
occur in the following ways: = 
¢ Through a ligand-gated receptor Which open; 
Ca**-channels in cell membrane directly 9, 
indirectly via a G-protein. 

¢ From intracellular organelles via another second 
messenger like IP... 

¢ Through a voltage-gated Ca**-channel in cel] 
membrane. 

¢ Through stretch-sensitive Ca**-channel in cel 
membrane. 


4. Through IP, and DAG (Fig. 64.2): 


a. Here, IP, and DAG act as second messengers, 

b. The hormone, on binding with its specific receptor 
activates the enzyme phospholipase C (PLC) 
present in the cell membrane via a G-protein. 

c. Phospholipase C splits phosphatidylinositol 45- 
bisphosphate (PIP, ), amembrane phospholipidinto 
IP, and DAG which now act as second messengers. 





DAG 


| *Ca* — Activates protein kinase C | 


Phosphorylation 
of proteins 


Celiular response 







Fig. 64.2: Mechanism of hormone action through IP, and DAG as second messengers. ; 
(DAG: diacyiglycerol; G: G-protein; H: hormone; |P3: inositol 1,4,5-trisphosphate; PIP.: phosphatidylinositol 4,5-bisphosphate; R: recepto 
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4 piacylglycerol activates the enzyme protein kinase 
c (PKC). This, in turn phosphorylates various 
tracellular proteins (enzymes) to bring about the 
final effects. 

PD inositol | ,4,5-trisphosphate increases intracellular 
ca’* concentration by triggering Ca** release from 
endoplasmic reticulum inside the cells. This Ca* 
again exerts stimulating effect on PKC, 

ough arachidonic acid metabolites: In this pathway, 

mones act via a G-protein and activate the enzyme 

phospholipase A2. This enzyme breaks down membrane 

p! ospholipids into arachidonic acid which ultimately 

duces eicosanoid (20-carbon) arachidonic acid 
vatives, e.g. prostaglandins, leukotrienes, or 
yboxanes which influence cell function. 


hor 


Ui. 


/ 
tracellular Receptors 


. hormones, e.g. cortisol, thyroxine, etc. are 
soluble, They enter into the cell through the cell 
rane and bind with intracellular receptors which 
-esent in the cytosol or in the nucleus. 
.ormone-receptor complex now acts on specific 
of DNA causing transcription of specific mRNA. 
> specific mRNAs ultimately lead to the synthesis 
cific enzyme or proteins, which are responsible 
| -ogrmone action. 


Othe: 
A, 


livough receptors with gunanylyl cyclase activity: 
Receptors of atrial natriuretic peptide (ANP) and nitric 
oxide (NO) are examples. 
Mechanism of action of ANP: ANP binds to the receptors 
which dimerize and become activated. Now, the 
intracellular part of the receptor with guanylyl cyclase 
activity breaks down GTP to cGMP. cGMP activates 
cGMP-dependent protein kinase (also known as 
PKG) which ultimately causes closure of epithelial Na 
channels (ENaCs) in medullary collecting duct. This 
results in decreased Na* absorption which leads to 
natriuresis accompanied by diuresis. 
Mechanism ofaction of NO: NO secreted from endothelial 
cells binds to receptors with soluble guanylyl cyclase in 
subendothelial vascular smooth muscle > cGMP Is 
Produced from breakdown of GTP. cGMP activates 
CGMP-dependent protein kinase (protein kinase 
G) which phosphorylates substrates to produce the 
following effects: 
\. Inhibits synthesis of IP3 thus, inhibiting IPS- 

Mediated Ca‘ release from sarcoplasmic reticulum 

vi low myoplasmic Ca** > relaxation. 

: Stimulates myosin light chain phosphatase (MLCP) 

Which promotes relaxation. 
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B. Through receptors with intrinsic tyrosine kinase activity: 
Various growth factors [e.g. platelet-derived growth fac- 
tor (PDGF), vascular endothelial growth factor (VEGF), 
insulin, etc.] bind to receptors with intrinsic tyrosine 
kinase activity. Here, on binding to ligands such as the 
growth factors, the receptors undergo conformational 
change with dimerization and autophosphorylation 
whereby they are activated. 

The activated receptor phosphorylates tyrosine 
residues which form signaling pathways leading to 
activation of effector proteins. 

Insulin is slightly different in that its receptor is already 
a dimer even before insulin binds to it. 

C. Through receptors associated with nonreceptor tyrosine 
kinases: Important examples are receptors of GH and 
prolactin. Others include those of erythropoietin, 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF), interleukin-2 (IL-2), IL-3, IL-4, etc. The 
receptors themselves have no intrinsic tyrosine kinase 
activity but their intracellular portion is noncovalently 
linked to tyrosine kinases such as Janus tyrosine kinase 
(JAK). 


Mitogen-activated Protein Kinase Pathway 


The various growth factors such as epidermal growth 
factor, PDGE, NGF, VEGF, etc. all bind to receptors 
with intrinsic tyrosine kinase activity. Binding of 
the growth factor to the extracellular portion of the 
receptor causes dimerization of the receptor. This 
leads to autophosphorylation of the receptors by 
cross-phosphorylation. In the process, the receptors 
are activated. The activated receptors phosphorylate 
tyrosine residues of specific cytoplasmic proteins 
producing “phosphotyrosine motifs” which form the 
binding sites of signaling cascades like MAP kinase 
pathway as follows: 

GRB2 contains SH2 which has a high affinity for 
binding with above mentioned phosphotyrosine motifs 
produced by tyrosine kinases. Thus, GRB2 binds with 
the growth factor receptor via SH2. GRB2 also binds 
with SOS. SOS helps in exchange of guanine nucleotide 
proteins. It converts GDP-bound Ras to GTP-bound 
Ras and this activates Ras, a small G protein > The 
activated Ras interacts with Raf-1 (also called MAP 
kinase kinase kinase) and activates it > Activated Raf- 
1 phosphorylates MEK (MAP Kinase kinase) -» MEK, 
in turn, phosphorylates MAP kinase -» MAP kinase 
phosphorylates various intracellular proteins and 
more importantly it migrates to the nucleus where it 
phosphorylates transcription factors and regulates 
synthesis of specific effector proteins. 
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When the hormone (GH/prolactin) binds to the 
receptor, the receptor dimerizes with phosphorylation 
of tyrosine residues in the receptor as well as in JAK. 
The activated complex now phosphorylates signal 
transducer and activator of transcription proteins 
(STATs) which dimerize and migrate to the nucleus and 
promotes synthesis of effector proteins. 

D. Through catalytic receptors with serine/threonine kinase 
activity and tyrosine phosphatase activity: These are 


additional effector pathways. 


Wf FEEDBACK REGULATION 


Secretion of hormone is regulated by two types 
control—(1) negative feedback and (2) positive 


of feedback 
feedback. 


Negative Feedback 


High plasma level of hormone inhibits or suppresses its 
further secretion from the secreting gland. On the contrary, 
low plasma level of hormone stimulates greater secretion 
of the hormone from the gland. In both cases, the changes 
brought about, help in maintaining a normal level of 
hormone. 

Both the earlier types of regulation are related to 
negative feedback. This type of regulation is commonly seen. 

A high level of thyroxine, a thyroid hormone, inhibits 
secretion of thyroid-stimulating hormone (TSH), a 
hypophyseal hormone, and also inhibits secretion of TRH, 
a hypothalamic hormone. 

Both TSH and thyrotropin-releasing hormone (TRH) 
stimulate thyroxine secretion. So, a high level of thyroxine 
inhibits its own secretion. This is an example of negative 
feedback effect. This helps in maintaining an optimal 
plasma level of thyroxine. 


Positive Feedback 


When increased plasma level of hormone stimulates still 
greater secretion of the hormone, it is called positive feed- 
back, e.g. increased secretion of estrogen causing lutein- 
izing hormone (LH) surge during ovulation (see page 456). 

(Actually, negative and positive feedback effects are 
operative not only in cases of plasma hormone levels, but 
also in many other forms of physiological response). 


Endocrine System 


4 ESTIMATION OF HORMONE LEVEL 


1, For the purpose of diagnosis of hormone.,,, 
diseases, late 
plasma is essential. 

The methods of estimation include crude method. 
as bioassay and finer sensitive methods such ~ 


immunoassay and enzyme-linked immunoso,,, 
JOnt 


assay (ELISA). 

3. Example of bioassay is the “tibia test” employes ,. 
estimate GH. In this test, a sample containing unkroe 
amount of GH is injected into a hypophysectomizeg... 
The change in width of its epiphyseal cartilage in ™ 
after a certain period of time, is noted and compare 
with a control. In this way, GH concentration in . 
sample is estimated. é 


E RADIOIMMUNOASSAY 


1. In this method, measured amounts of radiolabele: 
tracer hormone and hormone-binding protein x: 
‘ncubated with the sample containing hormone to >: 
measured. 

9. The radiolabeled tracer hormone competes with tt: 
hormone in the sample for binding with the hormone. 
binding protein. So, the amount of tracer hormone 
in bound form varies in inverse proportion with the 
amount of unlabeled hormone in the sample. 

In other words, if the proportion of unlabeled 
hormone (hormone in the sample) increases, mors of 
the radiolabeled tracer hormone is © isplaced from te 
binding protein and it remains in the [ree stale. 

This decreases the ratio between bound and ite 
fractions of the radiolabeled hormo"e. 

3. After incubation, the radioactivity of bound and free 
tracer hormones are measured and their ratio * 
determined. A low ratio indicates gre.i'cr concentrate! 
of unlabeled hormone in the samp! 7 

4. Concentration of (unlabeled) hormune in the sample" 
assessed from a standard curve prepared by incubage® 
of known variable amounts of pure hormone wit xe 
quantities of tracer hormone and binding protel 


measurement of hormone levels jn py 
4 -, 
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| The pituitary gland is housed in the Sella turcica, a 
“xityin the sphenoid bone. It lies in the close vicinity 
{the hypothalamus, with which it is connected by the 
nfundibular stem. _ 
, pevelopmentally, the pituitary gland consists of 
~ adenohypophysis (the anterior pituitary), derived from 
an upward extension of the primitive buccal entoderm 
called Rathke’s pouch. 

The neurohypophysis (the posterior pituitary), 
in contrast, is a downward extension of neural tube 
from the ventral hypothalamus. It is, therefore, a true 
extension of the brain. 

3 The adenohypophysis or anterior lobe consists of three 
arts: 

Pars distalis: This constitutes the major portion of 
the anterior lobe. It secretes all the tropic hormones 
of the pituitary. 

This part is supplied by branches of superior 
hypophyseal artery through the hypophyseal portal 
system (see below). 

b. Pars intermedia: It lies between the anterior and 
posterior lobes. It is rudimentary in man. 

C. Pars tuberalis: This portion surrounds the infun- 
dibular stalk, extending upto the ventral hypothala- 


mus. itis highly vascular. 
+ The ne ohypophysis or posterior lobe consists of: 
4 Mev a eminence, an extension of the ventral hypo- 
the’ us, lying in the floor of the third ventricle. 
Th fundibular stem connecting the median 
: ‘ce to the pars nervosa. 


rs nervosa, (also called the infundibular 
Ps), which contains the terminations of 
'ecretory magnocellular neurons. These 


The Pituitary Gland 


neurons descend from the supraoptic and 
paraventricular nuclei of the hypothalamus. These 
neurons transport, store, and release the posterior 
pituitary hormones. 

So, the posterior lobe of pituitary is not the site of 
synthesis of posterior pituitary hormones. Hence, it 


is nota true endocrine gland in the strictest sense of 
the term. 


Bf HYPOPHYSEAL“TROPIC” HORMONES 


The hypophyseal ‘tropic’ hormones secreted from the 
anterior pituitary are: 

1. Growth hormone (GH) or somatotropin 
. Prolactin 
. Thyroid-stimulating hormone (TSH) or thyrotropin 
. Adrenocorticotropic hormone (ACTH) or corticotropin 
. Luteinizing hormone (LH) 

. Follicle-stimulating hormone (FSH). 

Growth hormone and prolactin are secreted from 
acidophil cells constituting 80% of all cells in the anterior 
lobe. The other hormones are secreted from basophil cells 
constituting the remaining 20% of cells in the anterior lobe. 
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} HYPOTHALAMIC RELEASING HORMONES 


The secretion of “tropic” hormones of the anterior. 
pituitary are regulated by several releasing hormones 
secreted from the hypothalamus. These hypothalamic 
releasing hormones include growth hormone-releasing 
hormone (GHRH), somatostatin [growth hormone- 
inhibiting hormone (GHIH)], thyrotropin-releasing 
hormone (TRH), corticotropin-releasing hormone 
(CRH), gonadotropin-releasing hormone (GnRH), 
etc. The hypothalamus also secretes dopamine 


Bi: 
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hypophyseal artery 


Anterior lobe 


Hormone secreting cells 
of anterior lobe 


Fig. 65.1: Hypophyseal portal system. (A) Primary capillar 


ndocrine system 


- Madian eminence 


Long portal vain 
Posterior lobe 


Interior hypophyseal artery 


Short portal veir 


y plexus, (B) Secondary capillary plexus, and 


(C) Capillary plexus In posterior lobe. 


(prolactin-inhibiting hormone). It inhibits prolactin 
secretion. The posterior pituitary hormones are, in the 
true sense, hypothalamic hormones. 

All hormones secreted from hypothalamus with 
the lone exception of dopamine (prolactin-inhibiting 
hormone) stimulate secretion of hormones from anterior 
pituitary (GHIH secretion is balanced by GHRH secretion). 
So, when the pituitary stalk (infundibular stem) is 
sectioned, all hormones secreted from anterior pituitary 
decrease in amount but prolactin level rises as there is no 
dopamine to inhibit prolactin secretion. 


Bf THE HYPOPHYSEAL PORTAL SYSTEM (FIG. 65.1) 


1. The close relation between the hypothalamus which 
secretes various releasing hormones and the anterior 
lobe of the pituitary is made possible by the hypophyseal 
portal system. 

2. The median eminence of the hypothalamus (which 
secretes the hypothalamic hormones) is supplied by 
a capillary plexus formed by branches of the superior 
hypophyseal artery. The “releasing” hormones are 
secreted into the blood in this primary capillary plexus. 

3. Long portal veins arise from this “primary” capillary 
plexus and form a “secondary” capillary plexus bathing 
the cells of the anterior lobe. The “releasing” hormones 
of hypothalamus reach the anterior pituitary via 
long portal veins and there they stimulate release of 
hypophyseal “tropic” hormones. Thus, the hypophyseal 
portal system facilitates the close functional relationship 
between the hypothalamus and the anterior pituitary. 

4. The posterior lobe of the pituitary is supplied by the 
inferior hypophyseal artery via a separate capillary 
plexus. Short portal veins arise from this capillary 
plexus and supply the anterior lobe, constituting about 
10% of blood supply to the anterior lobe. 





Fig. 65.2: Hypothalamo-hypophyseal-target gland axis. (A) Long- 
loop feedback, (B) Short-loop feedback, and (C) Ultrashort-loop 
feedback. 


HYPOTHALAMUS-PITUITARY-TARGET GLAND AXIS AND 
FEEDBACK CONTROL (FIG. 65.2) 


1. The hypothalamus, the anterior pituitary, and the targe! 


glands of pituitary hormones have closely interrelated 
functions. 


2. The hypothalamus secretes “releasing” hormon® 


which stimulate secretion of “tropic” hormones from 
the anterior pituitary. 
i . e 
These pituitary hormones, in turn, stimulat 


al 
secretion from target glands like the thyroid, adren 
cortex, etc. 


3. The hormones of these peripheral “target glands’ aga" 


e 
exert negative feedback on both hypothalamus and th 





Cha 


i atin 
al i" ormones secreted from target glands, B 
eve negative feedback may be of three types: 
rf In ong-l0OP feedback, by which the circulating 
a 


* jormones inhibit secretion from the hypothal 

and pituitary 

short-loop feedback, by which the pituitary 
" wopic” hormones exert negative feedback on the 
hy othalamus. ; 
vitrashort-loop feedback, bywhich the hypothalamic 
‘geleasing” hormones inhibit their own secretion, 
uigher brain functions may influence hypothalamic- 
uitary-target gland axis, e.g. 

p emotion influences GnRH secretion by GnRH- 

a. secreting neurons and thus, modulates the functions 

of reproductive system by its action on gonads, 
b, Stress stimulates CRH secretion and thus, increases 
" secretion of ACTH and corticosteroids. 


amus 


C. 


OV 


f GROWTH HORMONE (FLOWCHART 65.1) 


« It is also known as somatotropin or somatotropic 
hormone. 

» This hormone is essential for growth and development 
after birth. 

» It is an unbranched polypeptide hormone having 
191 amino acids with a molecular weight of about 
22,000 kDa. 

* Itis secreted from the acidophil cells of the anterior 
pituitary. It has structural resemblance with prolactin 
and human chorionic somatomammotropin. 


Flowchart 65.1: Factors controlling GH secretion and actions of GH. 
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orpituitary. This helps in regulating the circul 


* It is secreted episodically in short bursts, [t shows 
diurnal variation in secretion with a nocturnal peak 
1-2 hours after the onset of deep (stage 3 or 4) sleep. 


Hl FACTORS INFLUENCING GROWTH HORMONE SECRETION 


A. Factors increasing GH secretion: 

1. Fall in plasma glucose as occurs following injection 
of insulin, 

2. Fall in plasma free fatty acid (PFA) level. As GH is 
lipolytic, rise in GH secretion restores fatty acid level 
toward normal. 

3. Rise in circulating amino acids especially arginine, 
which occurs after a high protein meal or infusion of 
amino acids, stimulates GH secretion. GH, in turn, 
stimulates protein synthesis utilizing the elevated 
level of amino acids. 

4. Exercise. 

5. Stressful circumstances, e.g. anesthesia, fever, 
surgical operations, psychological stresses, etc. 

6. Stage 4 sleep leads to a nocturnal burst of GH 
secretion. 

7. Estrogens increase GH secretion. 

8. There is a rise in amount of GH secretion during 
puberty. 

9. Growth hormone-releasing hormone secreted from 
the hypothalamus, stimulates secretion of GH from 
the anterior pituitary. 

B. Factors decreasing GH secretion: 

1. Somatostatin—This is also known as GH-inhibiting 
hormone or GHIH. It inhibits synthesis and 
secretion of GH. 

Somatostatin is also found in the pyloric antrum 
and islets of Langerhans, where it inhibits the 
secretions of insulin, glucagon, gastrin, etc. 

2. Increase in the level of glucose and fatty acids. They 
act by increasing somatostatin level. 

3. Insulin-like growth factor-I (IGF-I)—It directly 
suppresses GH secretion from somatotrophs in 
pituitary. 

Indirectly, it reduces GH secretion by inhibiting 
GHRH release or by increasing somatostatin 
synthesis and release. 

4. Growth hormone itself inhibits its own secretion by 
a short-loop feedback mechanism. 

5. Cortisol, obesity, old age, and late pregnancy—A\l of 
these factors decrease GH secretion. 


i MECHANISM OF ACTION (FIG. 65.3) 


Growth hormone exerts its action through a number of 
intracellular pathways. Most important of them is its action 
through JAK-STAT pathway. JAK stands for Janus tyrosine 
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_» STATs migrate to nucleus and bind to DNA 


WOOK =—> 
DNA 
@ ~ Activation and tyrosine phosphorylation of 
JAKs 
@ In the next step, activated JAKs 
phosphorylate STATs 
@ -—STATs dimerize 
® 


Fig. 65.3: Mechanism of action of GH. 


(DNA: deoxyribonucleic acid; GH: growth hormone; JAK: Janus tyrosine 
kinase; STAT: signal transducer and activator of transcription) 


kinase and STAT stands for signal transducer and activator 
of transcription protein. 

When GH binds to its plasma membrane-bound 
receptor, this receptor binds with cytosolic tyrosine kinase 
enzyme JAK-2. 

Janus tyrosine kinase-2 is capable of phosphorylating 
the receptor itself and also tyrosine kinase residues of other 
proteins. 

When GH binds to its receptor, one GH molecule 
binds with two receptor proteins. Thus, the receptors 
dimerize. This dimerization aligns JAK-2 molecules to a 
position where they can easily bring off phosphorylation of 
themselves and other proteins like STATs. The STATs then 
dimerize and migrate to the nucleus. There they function as 
transcription factors and regulate messenger ribonucleic 


acid (mRNA) synthesis. 





Jocrine System 


Other probable pathways include mitaye 
in (MAP) kinase pathway and Phosphe| 
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pathway, 


ACTIONS OF GROWTH HORMONE 


|, Effect on growth of cartilage, bone, and other lic 


a, 


Wipe 


Growth hormone accelerates linear grey 
stimulatory action on epiphyseal Cartilage me , 

ilage of), 
bones. © ng 


-Incartilaginous tissues: 


@ Proline is converted to hydroxyproline 

» Chondroitin is sulfated by GH 

¢ Growth hormone promotes growth of chong 
chondro, 


cytes. 


_ In bones: 


» The number of active bone modeling yp), 
increased by GH HS is 

» Growth hormone causes an increase in to;. 
bone mass and mineral content of bones, - 


Under the influence of GH, viscera (like live, 


kidney, heart, etc.), endocrine glands (like adrenajc 
pancreatic islets), skeletal muscle, etc. all increas. 


in size and volume. 
Functionally, this is manifested by increased GFR 


cardiac output, etc. 


2. Effect on protein metabolism: GH is a major anabolic 
hormone. It is absolutely essential for growth. When 
there is GH deficiency, administration of GH causes 
enhanced protein synthesis. 

3. Effect on carbohydrate and fat metabolism: 

a. Growth hormone is diabetogenic as: 


¢ It increases hepatic glucose output. 

¢ It decreases glucose uptake in skeletal muscle 
and adipose tissue, probably due to presence of 
excess FFA which has an anti-insulin effect. 

¢ Growth hormone increases FFA level due to its 
lipolytic action. 

The FFAs are converted into large amount 
of acetyl-CoA which depresses glycolysis and 
stimulates gluconeogenesis. This results in 
hyperglycemia (the excess ace tyl-CoA also leads 
to production of ketone bodies resulting !" 
ketosis). 

The GH-induced hyperglyce 
secretion of insulin from B-cells © f pancreas a 
when continued for a long period, causes B-cel 
exhaustion and frank diabetes mellitus. 

Thus, one can see that GH ts lipolytic and als 
stimulates protein synthesis. {hese 09 effec 
contribute in part to the fat 
contour in an individual performing 
exercise which stimulates Gf! secredion. 
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In spite of the earlier effects, 4 mu —o . 


St be 
N depends 


mentioned that metabolic action of G 
on supply of food and insulin Activity 
In presence of food and insulin, GH Promotes 
anabolism and growth. Glucose and amino ic 
uptake in tissues along with protein Synthesis are 
increased. 
But, in fasting state with low levels 
GH shows opposite effects, It now 
lipolysis and decreases peripheral 
glucose. So now, glucose and FFA conc 
rise and counter substrate deficiency, 
4 Growth hormone, by inhibiting atrial Natriuretic 
veptide (ANP), decreases fluid loss in urine. Also, GH 
romotes Na* and water reabsorption by stimulating 
renin-angiotensin-aldosterone pathway. 
Both these actions lead to increase in extracellular 
fluid (ECF) volume. 

;, Growth hormone increases absorption of Calcium from 
the gastrointestinal tract, probably due to increase in 
production of 1,25-dihydroxyvitamin D, [1,25(0H),D]. 

g, Growth hormone also elevates plasma Phosphate 
by stimulating phosphate absorption from proximal 
tubule in the kidneys. 

7. Growth hormone augments milk production. It also 
stimulates erythropoiesis. 

8. Studies have revealed that prolonged deficiency of 
GH increases fat content of the body whereas protein 
content declines. 

Growth hormone retards the processes of aging by 
increasing protein deposition and decreasing fat deposition 
in the body. The age-related decline in GH secretion 
explains the loss of muscle with aging. 


of insulin, 
augments 
uptake of 
€ntrations 


[ SOMATOMEDINS 


1. Growth hormone acts through a family of polypeptide 
intermediaries known as somatomedins. They are 
similar to insulin in structure and function (action on 
prowth). So, these are called insulin-like growth factor 
(I). There are two important somatomedins: (1) IGF-I 
and (2) IGF-II. 

2. These have a structure similar to insulin and a molecu- 
lar weight about 7,000 kDa. These are straight chain 
Pevtides having a distinct C-chain (cf structure of 
insulin), 

‘heir mechanism of action is similar to that of 
Insulin and other growth factors, involving intrinsic 
yrosine kinase activity of their receptor and tyrosine 

inase-mediated phosphorylation of intracellular 
Proteins. 

* Growth hormone promotes growth mainly through 

“action of somatomedins. Somatomedins stimulate 


Browth in Cartilage, 


lbroblast, adipose tissue, and 
muscle 


- Experimental evidences seem to suggest that 

somatomedins, which are synthesized in liver and 
circulate in plasma, are only partially active, The active 
somatomeding appear to be locally produced and they 
actin autocrine or paracrine fashion. 

This ig supported by the fact that circulating IGF-I 
levels (and GH) are lower in children in their first few 
years compared to that in adults, Still their growth at 
this stage is temarkable. This can be explained by the 
predominantly local action exerted by IGF-I during this 
period. 

4. Insulin-like growth factor-I level is dependent on GH 
but IGF-II level is not so. IGF-I levels are related to 
pubertal growth. IGF-I] seems to have effect on fetal 
growth. 

9. Circulating somatomedins (produced in liver) appear 
to exert a negative feedback effect on GH secretion. 
This explains the high level of GH in blood in IGF-I 
deficiency, 

- Insulin-like growth factor-I secretion depends on 
nutritional status. Thus, fasting, protein deficiency, and 
insulin lack (which retards absorption of nutrients)— 
all diminish hepatic production of somatomedins. 
These factors acting independently of GH, lower 
plasma somatomedin level although GH level is 
increased. 

7. At puberty, GH secretion increases but IGF-I secretion 
increases at even higher rate, thus playing an important 
role in pubertal growth. 

- Insulin-like growth factor-I secretion increases in 
reproductive organs such as the testes and Ovary in 
response to gonadotropin and sex hormones. 

9. Unlike GH, somatomedin (IGF-I) has a prolonged 
action. So, even though GH is secreted in short bursts, 
the secreted somatomedin helps in prolonging the 
effects of GH on growth. 


oD 
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j GIGANTISM 


Hypersecretion of GH before epiphyseal closure causes 
excessive increase in the length of long bones. The patient 
may grow to a height of 7-9 feet. This is known as gigantism. 
Other features include visceral enlargement, increased 
muscle mass but lacking in strength (leading to the term 
‘weak giant’), rise in glucose, and FFA levels. 

The persistent hyperglycemia induces insulin secre- 
tion. This may ultimately exhaust insulin secretion from the 
pancreas, resulting in frank diabetes mellitus. 

Bitemporal hemianopia may occur when the condition 
is caused by pituitary tumor. 


Le 


B ACROMEGALY 


This disease occurs as a result of hypersecretion of GH 
in adults after closure of epiphyses. As the epiphyses are 
closed, only periosteal bone growth is increased. 


There is no increase in length of bones but girth of 


bones is increased. This leads to: 


a. 


rh 


Increase in width of fingers, toes, hands, and feet (the 
acral parts are enlarged and hence the condition is 
called acromegaly). 


. Prominent ridges above the eyes with protruded lower 


jaw (prognathism). 


. Coarse facial features with enlarged nose and tongue 


due to soft tissue overgrowth. 


. Hypertrophy of the organs of the body including the 


heart, kidney, spleen, etc. 


. Anti-insulin effects may lead to abnormal glucose 


tolerance test and sometimes frank diabetes mellitus. 


. If caused by pituitary tumor, visual field symptoms, e.g. 


bitemporal hemianopia may occur. 


Treatment. Surgical removal of the tumor, administration 
of somatostatin analogs, etc. 


B DWARFISM 


Dwarfism or short stature may be caused by a number of 
diverse factors mentioned here: 


1. 


zs 


Growth hormone deficiency, GHRH deficiency, or 
deficiency of IGF-I, all may result in dwarfism. 

In some cases of dwarfism, the circulating GH level is 
normal but there is a defect in GH receptor. This results 
in a condition known as Laron dwarfism. 


. African pygmies suffer from a dwarfism of uncertain 


etiology. In them, GH level is normal but pubertal 
increase of IGF-I level does not occur. 


. Patients having an XO chromosomal pattern with 


gonadal dysgenesis (Turner syndrome) also show 
dwarfism. 


. Dwarfism is also found in cretinism and in patients with 


precocious puberty. 


. Dwarfism may be constitutional. 
. Dwarfism may be the result of chronic neglect. It is 


known as Kaspar Hauser syndrome. 


_ Dwarfism is also found in achondroplasia, a condition 


characterized by short limbs and a normal trunk. It 
is genetically transmitted as an autosomal dominant 
disorder. It is the most common form of dwarfism in 


man 


_ In await. the proportions between different parts of 


the body are usually normal but the body size is much 
shorter compared to age. This is attributed to the very 
slow rate of bodily development in dwarfs. 
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Sexual development occurs in those dy. 
deficient in GH only. In contrast, dwarfs wisp 
tuitarism do not show sexual maturity 


4 ah, 


Dan. 


Bf PITUITARY INSUFFICIENCY AND SHEEHAN SYNOD Rg, 


Pituitary insufficiency is characterized 
secretion of pituitary hormones due to 
Most common among them are: 

a. Tumors or cysts of anterior pituitary whi¢ hi tins 
the remaining portions of the gland leading to n 
insufficiency. 

b. Severe postpartum hemorrhage in 2 woman 
cause profound shock which leads to infarction Ma 
already enlarged anterior pituitary. This sybeo.. 
results in pituitary insufficiency. The conditic is th 
Sheehan’s syndrome. m 


by dimminigs 


- i’ 


Ge 


Pittite. 


Features of Pituitary Insufficiency 


a. Growth hormone deficiency leads to inhibition ,; 
growth. : 

b. Thyroid deficiency leads to intolerance to ¢9), 
low basal metabolic rate (BMR), increased serum 
cholesterol, and low thyroid uptake of ['*. . 

c. Diminished ACTH leads to pallor. 

. Diminished glucocorticoids make the patien; 

vulnerable to stress. 

e. There is atrophy of the gonads and loss of secondar; 
sexual characters specially loss of axillary and pubic 
hair. Menstrual cycles in the females stop. 

f. The patients are more sensitive to insulin and are prone 
to hypoglycemia. 

g. Damage to the posterior pituitary will cause diabetes 
insipidus due to nonsecretion of antidiuretic hormone 
(ADH). However, simultaneous insufficiency of antenor 
pituitary decreases the polyuria. 

This is probably either due to the decreased osmott 
load in the kidneys or reduced glomerular filtration rate 
(GFR) as described here: 

1. Diminished ACTH diminishes the rate of prote!® 
catabolism 

2. Diminished TSH decreases rate of metabolism. Bol 
(i) and (ii) reduce excretion of catabolized products 
(reduces osmotic load) 

3. Decreased GH and diminished glucocorticoids «a\** 
decrease in GFR. 


Bf THYROID-STIMULATING HORMONE 
ular weight 


1. Itis a glycoprotein hormone with a moleculal . 
28,000 kDa. It consists of an a-subunit which !s “ tor 
with that in FSH and LH. Its B-subunit is spe™ 
TSH. 


0 | 








ghyroid-stimulating hormone secre 
> eulated by: 
. Thyrotropin-releasing hormone secret 
hypothalamus 
p. Negative feedback exerted by circulating thyroid 


th oid-stimulating hormone secretion 


enced by starvation and exposure to cold 

fasting decreases TSH secretion with a 

gecrease in metabolic rate which req 

expenditure. On the other hand, expo 
environment stimulates TSH secretion 
heat production. 
Somatostatin, cortisol, and dopamine inhibit TSH 
secretion. 
4, Actions: . 

a, Thyroid-stimulating hormone acts on plasma 
membrane receptors. Its actions are mediated 
through cyclic adenosine monophosphate (cAMP) 

b, Thyroid-stimulating hormone is responsible for 
growth of thyroid gland 

c, Thyroid-stimulating hormone stimulates all the 
steps of thyroid hormone synthesis. 


Hon is mainly 


ed from the 


is also infly- 
environment. 
Concomitant 
UCES Caloric 
Sure to cold 
and increases 


J ADRENOCORTICOTROPIC HORMONE (CORTICOTROPIN) 


|, Adrenocorticotropic hormone is a polypeptide 
hormone containing 39 amino acids with a molecular 
weight of 4,500 kDa. It is secreted from the corticotrophs 
of the anterior pituitary. The corticotrophs constitute 
one-fifth of the cell population in anterior pituitary. 

2, Adrenocorticotropic hormone is derived from proo- 
piomelanocortin along with its other products such 
as f-lipotropin, B-endorphin, N-terminal peptide, 
etc. ACTH contains amino acid sequences having the 
property of melanocyte-stimulating hormone (MSH). 

3, Adrenocorticotropic hormone secretion is regulated by 
sever] factors: 

a. Corticotropin-releasing hormone, a peptide, 
is secreted from paraventricular nucleus of 
hy .othalamus. It stimulates secretion of ACTH from 
al. \crior pituitary. 

b. Adi enocorticotropic hormone secretion also shows 
diurnal variation with a prominent peak during 
sleep, 2-4 hours before one wakes up. 

C, Adtenocorticotropic hormone secretion is con- 
trolled by negative feedback effect of circulating 
Cortisol which blocks ACTH release through its 
action at the level of anterior pituitary. Cir culating 
“ortisol also prevents release of CRH by acting on 
the hypothalamus. 

CF inally, secretion of ACTH is powerfully stimulated 
yanumber of stressful stimuli, such as, hypoglyce- 


Ch 
apter 65: The Pituitary Gland 


mia, surgery, 


anesthesia, trauma, infection, etc. One 
Should note 


Aci that the stimulatory effects of stress on 
__ 9©cretion can override the effects of diurnal 
4 Variation or those of negative feedback. 
- Actions of ACTH: 
a. Adrenocorticotropic hormone stimulates the 
adrenal Cortical cells and causes an increase in their 
size and secretion. Lack of ACTH leads to atrophy of 
adrenal cortex. 

- The effects of ACTH, like other polypeptide hor- 
mones, are mediated through plasma membrane- 
bound receptors and they involve cAMP. 

- Besides adrenal cortex, ACTH also acts in the brain 
and gastrointestinal tract as a neuromodulator. 

, Adrenocorticotropic hormone has some lipolytic 
activity. 

Adrenocorticotropic hormone secretion has 
some relation with lymphocyte activity probably 
mediated through interleukins. 

b Adrenocorticotropic hormone, because of its MSH 

component (amino acid sequence similar to MSH), 
stimulates skin pigmentation. 


LUTEINIZING HORMONE AND 
FOLLICLE-STIMULATING HORMONE 
1. Luteinizing hormone and FSH are glycoprotein 


hormones secreted from gonadotrophs in the anterior 
pituitary. 


2. Luteinizing hormone has a molecular weight of 


28,000 kDa while the molecular weight of FSH is 
33,000 kDa. 

Both of them are composed of two subunits 
such as a and 8. The a-subunit of LH is common to 
other hormones like FSH, TSH, or human chorionic 
gonadotropin (hCG). But, the B-subunit is different in 
individual hormones. 

It should be noted that although both LH and 
FSH are named in accordance with their function in 
females, they also have important actions in the males 
as mentioned here. 


3. Secretion of LH and FSH are controlled in many ways: 


a. Gonadotropin-releasing hormone: 
¢ Gonadotropin-releasing hormone (GnRH) is 
also known as luteinizing hormone-releasing 
hormone (LHRH). It is secreted from the arcuate 
nucleus and preoptic area of hypothalamus and 

it stimulates secretion of LH and FSH. 

One should note that there is no separate 
FSH-releasing hormone and LHRH stimulates 

secretion of both LH and FSH. 
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@ Stress induces CRH secretion which inhibit 
GnRH release, Thus, stress inhibits menstrua 
cycle and spermatogenesis. 

@ Itis important to note that se 


pulsatile in nature. | 
Secretion of GnRH at a constant elevated leve 


causes suppression of LH and FSH secretion due 
to downregulation of GnRH receptors. 

That is why, GnRH analogs with long half- 
life are used as drugs to inhibit secretion of 
gonadotropins. Consequently, these drugs 
suppress gonadal function. 


cretion of GnRH is 


Note: Suppression of gonadal function by GnRH has 
been put to practical use in formulating treatment of 
endometriosis. In endometriosis, presence of ectopic 
endometrium in extrauterine locations causes pain and 
other symptoms in response to estrogen secreted during 
the menstrual cycle. 

Gonadotropin-releasing hormone analogs, given 
continuously, downregulate GnRH receptors in the 
pituitary and ultimately lower estrogen secretion. This 
relieves the symptoms and also causes involution of the 
estrogen-primed endometriotic tissue. 


b. Negative feedback: 

¢ Testosterone secreted from Leydig cells in the 
male and estradiol secreted from granulosa cells 
of the ovary in the female, inhibit LH secretion by 
negative feedback. 

¢ Follicle-stimulating hormone secretion is 
inhibited by testosterone and estradiol. But, this 
is done more specifically by the glycoprotein 
inhibin secreted from granulosa cells of the ovary 
or Sertoli cells of the testis. 

¢ Positive feedback effect of estradiol: Estradiol has 
dual effect on LH secretion. In contrast to the 
negative feedback effect in low doses, estradiol, 
secreted in increased amount over a sufficiently 
prolonged period, exerts a unique positive 
feedback effect on LH secretion. This is known 
as LH surge which induces ovulation. 

¢ Effect of progesterone: Single dose of progester- 
one stimulates LH secretion in 1-2 days. It also 
has variable influence on positive feedback effect 
of estradiol. However, prolonged administration 
of progesterone inhibits secretion of gonadotro- 
pins. This is one possible explanation of the con- 
traceptive effect of progesterone. 

¢ Effect of prolactin: Prolactin inhibits GnRH 
secretion and this, in turn, decreases LH and 
FSH secretion. This may explain amenorrhea and 
infertility caused by elevated prolactin. 
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A. Actions of gonadotropins: 

a, Both LH and FSH act through cAMP. Fsj stirm 
synthesis of estradiol in granulosa cells of +, ity 
and helps in spermatogenesis by its effect - onan 
cells of the testis. LH, on the other hand, sin Ty 
Leydig cells of the testis, promoting secren, 
testosterone. It also stimulates ovulatioy, the of 
LH surge and maintains corpus luteum, —"# 

b. To summarize, FSH stimulates maturatig,, of 
Graafian follicle in the ovary and also synth the 

of estradiol in the female while in the male vs 
stimulates spermatogenesis. TSH 

Luteinizing hormone, on the other, han 

stimulates ovulation through LH surge in the rin, 
It also helps in the formation and maintenan,, ; 
corpus luteum. In the male, LH stimulates sectetig 


of testosterone. 


§ PROLACTIN 


Prolactin has a molecular weight of 23,000 kDa and; 
contains 198 amino acids. 
Factors regulating prolactin secretion: 

1. Pregnancy causes an increase in prolactin secretioy 
mediated probably through estrogen. Estrogen 
stimulates synthesis of prolactin. 

2. Breastfeeding stimulates prolactin secretion. Prolactin 
level decreases in absence of breastfeeding. 

3. Various types of stresses, e.g. surgery, anesthesia 
anxiety, etc. stimulate prolactin secretion. 

4. Thyrotropin-releasing hormone, which stimulates TSH 
and prolactin release, may act as prolactin-releasing 
hormone. 

5. Dopamine, also called prolactin-inhibiting factor (PI) 
inhibits prolactin secretion. 

6. Somatostatin also inhibits prolactin secretion. 

7. Prolactin itself inhibits its own secretion by short-loop 
negative feedback. 


i ACTIONS 


1. Along with estrogen and progesterone, prolactin plays 
an important role in the growth of breasts in the female 
especially in pregnancy. 

2. Prolactin is essential for milk production. 

3. Prolactin, possibly by inhibiting GnRH release, inhibi 
ovulation in females and spermatogenesis In males 

4. Prolactin has been shown to diminish libido. 


Bf APPLIED 


Hyperprolactinemia, caused by hypothalamic dis 
pituitary tumors, results in infertility and amen? 
women. 
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ve of pregnancy, may be present. 
_sermatogenesis in males is depressed. 
"bido is also diminished. 

ne above-mentioned effects are possib 
tary effect of prolactin on GnRH se 


ani decrease of LH and FSH secretion (se 
us 


apsen 


ly due to the 
Cretion. This 


, € above), 
ea ‘qreatment is surgical removal of the tumor or adminis- 


ion dopaminergic drugs which restore Prolactin leve] 
al. 
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g ra/sIOLOGY OF GROWTH 


| Growth isa complicated process in which there is gain 
in weight with increase in length and overall size Also, 
chere is incorporation of protein in tissues coupled with 
their maturation. 

2, Inman, there are two distinct periods of accelerated 
growth, one in infancy and the other during puberty. 
The pubertal growth spurt is due to the combined 
effects of GH and sex hormones. 

Infantile growth spurt is a continuation of fetal 
srowth. 

3, In infants, the period of growth is not homogenous, 
It exhibits intermittent, episodic bursts of growth 
separated by periods during which there is apparently 
no growth. 

4. Periods of diminished growth in a child due to disease 
or malnutrition, are followed by a compensatory 
enhanced rate of growth. 

Thus, the child regains his original growth rate. This 
is called “catch up” growth. 

3. Proper nutrition in the form of proteins, vitamins, 
min“rals, and calories in adequate quantities, is 
esse ‘ial for normal growth. 

: vertal growth spurt may continue even in presence 
ofc: sric deficit. 

6. Sev al hormones have important influences on 
Btw 1. These are: 

4 Growth hormone: It is essential for growth in 
Nan. Its actions are exerted throughout the entire 
Period of growth from infancy until the end of 
Puberty, Its effects are mostly mediated through the 
‘omatomedin IGF-I. 

' Sex hormones; The pubertal growth spurt occurs 
Mainly due to the combined effects of GH and 
androgens, Increased amounts of androgens are 
“creted from adrenal cortex in both sexes. 

C18 presumed that sex hormones increase 
‘cretion of GH. This, in turn, leads to increase 
"IGF-I secretion and acceleration of growth in 


uberty, 





Estrogens, however, are responsible for 
epiphyseal closure which marks cessation of linear 


Btowth, That is why, precocious puberty is usually 
48soclated with dwarfism. 


C. Thyroid hormones: 


Thyroid hormones potentiate 
the effects of ( 


'H on growth by a permissive action. 

Thyroid hormone is responsible for growth of teeth, 
bones, body proportion, etc. Hypothyroid cretins 
are short-statured. 

- Insulin: In presence of liberal intake of protein and 
carbohydrate, insulin markedly accelerates growth 
even after hypophysectomy. Conversely, growth is 
retarded in diabetes mellitus, 

Adrenal cortical hormones: Cortisol has a direct 
inhibiting effect on cell growth. 

In view of this, children should be administered 

corticosteroids with caution. Other hormones of adrenal 

Cortex have a permissive effect on growth. 
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Hi HORMONES OF POSTERIOR PITUITARY 


1. Hormones secreted from posterior pituitary are— 


(a) vasopressin and (b) oxytocin. 

- Each of them is a peptide containing nine amino acids 
with an intramolecular disulfide bond. 

- Both these hormones are synthesized in the magno- 
cellular neurons of the supraoptic and paraventricular 
nuclei of the hypothalamus. 

These then descend along the axons of the neurons 
to reach the posterior lobe of the pituitary where they 
are secreted into blood vessels. 

4. The precursor molecules of these hormones are 
synthesized in ribosomes of the neurons and processed 
in endoplasmic reticulum and Golgi bodies. They are 
then stored in secretory granules. These granules are 
prominent on staining and are called Herring bodies. 


Antidiuretic hormone is secreted from a neuron but 
after secretion, it enters into blood vessels and exerts its 
actions at a distant site like a hormone. So, it is Called a 
neurohormone. 


fl MODE OF ACTION OF VASOPRESSIN 


Vasopressin acts on three types of receptors: (1) V1 A, 
(2) VIB, and (3) V2, all acting through G-proteins. V1A 
mediates the actions on vascular smooth muscles. V2 
mediates the antidiuretic action of vasopressin and acts 
through cAMP (see below). V1B mediates secretion of 
ACTH from anterior pituitary. 

V1A and VIB act through G-proteins via the 
phosphoinositol pathway. 


B ACTIONS OF VASOPRESSIN (ANTIDIVRETIC H 


1. On water reabsorption (FI 
a. The other name of vasopressin, W 


b. The action of vasopressin Is 
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me suggests, It 
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more popular, Is ADH. As this na 
events passage 
This is because it 
ie collecting ducts. 


prevents diuresis, Le. pt 
water through urine. 

reabsorption of water through tl 
Secretion of vasopressin, by caus! 


water, concentrates the urine, 
mediated through 


protein water channels called aquaporin 
(aquaporin-2 is the type of water channel involved 
in water reabsorption in collecting tubule). Thus, 
secreted vasopressin acts on V2 receptors cAMP 


ing reabsorption of 


ur 


ystem — _ 


iggin also causes glycogenolysis in liver 


Vasopre 
, neurotransmitter in certain areas , 
if Dra 


It acts a8 é 
and spinal cord. 


_ Acting through VIB receptors, it mediates At 
TH 


secretion from anterior pituitary. 


i CONTROL OF VASOPRESSIN SECRETION 
1. Osmolality of plasma: 


Secretion of vasopressin is influenced by osmolal 
of plasma. Normal effective osmotic piewan > 
plasma is 285 mOsmol/kg. of 
b, When plasma osmolality increases to a higher j,, 
el, as in dehydration, fluid loss, etc. Osmorecept, 
present in anterior hypothalamus are stimulateg i 
In response, vasopressin is secreted into the blong 
The increased levels of vasopressin (ADH) will noy 


ad. 


is activated through G-proteins > aquaporin-2 a 
molecules are inserted in the luminal border of the 
epithelium lining the collecting ducts — water is 


reabsorb more water from collecting tubule. hj, 
will bring the elevated plasma osmolality back ;, 


reabsorbed from collecting ducts. normal. 
2. On blood vessels: d. Inhypo-osmolality, the opposite sequence of events 
Occurs. 


a. Vasopressin has a potent vasoconstrictor effect as 
its name suggests. However, as it also depresses 2. 
cardiac output to some extent, the pressor effect a. 
is not prominent. Nevertheless, it plays a role in 
preventing fall of BP following hemorrhage. 


Effect of changes in E CF volume: 

Increased ECF volume leads to diminished 

vasopressin secretion. In contrast, diminished ECF 

volume leads to increased vasopressin secretion. 

b. This effect is mediated through low pressure 

baroreceptors (which sense blood volume which, 
in turn, is influenced by ECF volume). These are 
innervated by vagal afferents which pass through 
NTS and caudal ventrolateral medulla (CVLM) and 
ultimately influence the hypothalamic nuclei which 
secrete vasopressin. 

3. Pain, nausea, surgical procedures, and emotional 

changes also have some influence on secretion of 


vasopressin. 


Flowchart 65.2: Mechanism of water reabsorption by ADH. 





of ADH in supraoptic/paraventncular 
nucieus in hypothalamus 











Migration of ADH to posterior pituitary where it is 
secreted into blood 





Collecting tubules via blood 


Bf APPLIED 


Diabetes Insipidus 
1. Itis due to failure of ADH (vasopressin) secretion from 
the posterior pituitary. 
2. Itmay also be due to the failure of kidney to respond (0 
the hormone when itis known as nephrogenic diabe® 
















insipidus. 
errors 3. Vario insipi yi tuitary righ! 
f insertion of aquaporin-2 water channels in luminal | us causes of diabetes insipidus of pitulta®) 
| membrane of collecting tubule epithelial cell are: 
a. Tumors—30% 






b. As a result of tauma—30% 

c. Idiopathic, having no known caus 

d. Infections, vascular disorders, diseases 
Osis, etc. 


| Water reabsorption a e—30% 
; like sarcold: 


(ADH: antidiuretic hormone; cAMP: cyclic adenosine monophosphate) 
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qhe principal clinical features are: 
: polyuria as a result of diminished reabsorpti 
~ water from the collecting ducts of kidney, _" 
», Polydipsia due to increased osmolality whic} 
excites the osmoreceptors and induces thirst, 
polydipsia or increased thirst protects the pati “ 
fom dehydration and maintains water balance mn 
5 Nephrogenic diabetes insipidus occurs due to: 
» 4 Adefect in the V2 receptor as a result of genetic 
mutation 
bp. Agenetic mutation leading to a defectin aquaporin-2 
rither of these defects renders ADH ineffective 


resulting in polyuria and polydipsia. 


i oxyTOciN 
ode of Action of Oxytocin 


oxytocin acts via G-protein coupled receptors on plasma 
membrane. It activates the phosphoinositol pathway 
by producing inositol 1,4,5-triphosphate (IP,) and 
diacylglycerol (DAG). Ultimately, this leads to increased 
intracellular Ca** concentration which produces the 


physiological effects. 


eects of Oxytocin 
). On milk ejection: 

a. Oxytocin stimulates contraction of the myoepithelial 
cells which are present around the alveoli of breast 
tissue. As a result, milk is ejected from the alveoli of 
the breasts and comes out through the nipple. 

b. Asinfants suckle, touch receptors around the nipple 
are stimulated > impulses run along somatic 
nerves and ultimately reach the supraoptic and 
paraventricular nuclei in the hypothalamus > 
simulation of these nuclei leads to discharge of 
oxytocin into the circulation > this result in milk 
e,ection. 

2. On pregnant uterus: 

a. ():ytocin stimulates contraction of uterine smooth 

‘suscle during labor. 


The Pitultary Gland 


b, Ne 
) ia the number of oxytocin receptors 
ulerine iim This probably initiates 
ther iL ractions at the onset of labor in spite of 
act that blood oxytocin level is normal. 





s 
MULE el) 


7 = - Ny ™ condition where there is excessive secre- 
ADEL be oe of inappropriately high amounts of 
bod ™ Bexcessive reabsorption of water, increases 
Ocy water content. This results in hyponatremia. Also, 
hypo-osmolality of blood leads to swelling of cells. This 
can lead to nausea, vomiting, headache, and in extreme 
conditions, convulsions and coma may Occur. 
Syndrome of inappropriate ADH secretion may be 
caused by diseases of diverse etiology. Malignant tumors 
of lung, tuberculosis, pneumonia, meningitis, brain 
abscess, and drugs like phenothiazines, carbamazepine 
are some of the conditions which may cause SIADH. 
Treatment is aimed at slow restoration of plasma 
[Na*] by means of fluid restriction and injection of 
hypertonic saline administered with careful monitoring. 


Increased local oxytocin concentration may also play 

a role. 

c. Once uterine contractions lead to dilation of the 
cervix and descent of the fetus, afferent impulses 
from these regions are transmitted to the supraoptic 
and paraventricular nuclei. As a result, there is 
secretion of more oxytocin and further contraction 
of uterus. This sets up a positive feedback 
phenomenon which ultimately results in expulsion 
of the fetus. 

3. In nonpregnant uterus, oxytocin-induced uterine 
contractions probably assist in the movement of sperms 
along the genital passage up to the uterine tubes 
following coitus. 

4. In the male, oxytocin may increase the contraction 
of smooth muscle in vas deferens. This hastens the 
passage of sperms toward the urethral passage. 
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§ STRUCTURE (FIGS. 66.1A AND B) 


1. The thyroid gland is composed of numerous acini lined 
by a single layer of cells. 

2. The acini (also called follicles) are filled with colloid, a 
proteinaceous material. 

3. Inthe resting state, the acini are large, filled with colloid, 
and lined by flattened cells. 

4. In the active state, the acini are lined by columnar cells 
and the colloid is much less in amount. 


BB CHEMISTRY OF THYROID HORMONES (FIG. 66.2) 


1. The hormones of thyroid gland are three in number: 

a. Thyroxine (tetraiodothyronine or T4)—90% of 
thyroid output 

b. Triiodothyronine (T3)—10%. 

c. Calcitonin. 

Although T4 is secreted in much higher propor- 
tion, it is a prohormone. T3 is the active hormone 
and is produced from T4 by deiodination (see later). 

2. Thyroxine and T3 are iodothyronine compounds 
formed by two benzene rings connected by ether bridge 
(one alanine side-chain is connected to one benzene 
ring). 

3. In T4 (tetraiodothyronine), iodine atoms are attached 
to 3 and 5 positions of the first (inner) benzene ring 
and 3’ and 5’ positions of the second (outer) benzene 
ring. 

4. In T3, iodine atoms are attached to 3 and 5 positions 
of the inner benzene ring and only 3’ position of the 
outer benzene ring. Reverse triiodothyronine (rT3) is 
3,3/5'-triiodothyronine. In it, iodine atoms are bound 
to 3 position in the inner benzene ring and 3’ and 5’ 
positions of the outer benzene ring. It is biologically 
inactive. 
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GB Colloid 
Figs. 66.1A and B: Structure of thyroid gland. (A) Active gland; 
and (B) Inactive gland. 
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Fig. 66.2: Chemistry of thyroid hormones. 


Note: In all iodothyronines, an OH: radical is prese in 
4’ position of outer benzene ring. 
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salcitonin is a polypeptide hormone secrete 
5. -afollicular cells, called C cells, 
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Of the thyroid gland. 


syrn€sts OF THYROID HORMONES (FIGS. 66.3 AND 66,4) 


rodide trapping: The first step in the Synthesis of 

odothyronines is iodide trapping, 

,, lodide present in plasma is actively taken up through 

"the basal surface into the thyroid gland cell against 
both electrical and chemical gradient as explained 
below. 

b, The resting membrane potential of acinar (follicular) 
cells is about -50 mV. So, when electronegative 
jodide is taken up into these cells, it has to be 
transported against an electrical gradient. 

, Also, the thyroid concentration of iodide is much 
more than thatin serum. NormalT:S (thyroid:serum) 
iodide concentration ratio is 25-50:1. So, for the 
uptake of iodides into thyroid cells, iodide has to be 
transported against a concentration gradient also. 

d. Transport of iodide into thyroid cells is effected bya 
secondary active transport system involving a Nat- 
I-co-transporter and a Na*-K*-ATPase pump. 

Oxidation: The absorbed iodide migrates to the luminal 

or apical membrane of the cell. It then enters into the 

lumen containing colloid through a transporter protein 
called pendrin located at the apical membrane. There, 
it is oxidized by thyroid peroxidase into iodine atoms. 

Hydrogen peroxide (H,O,) is required for this reaction. 

3, Organification: As soon as iodine is produced from 

iodide, it binds with 3 position of tyrosine molecule 


l. 


bo 


2. +H,0, ——> L,+ 2e 
(lodide) (lodine) 
Oxidation 


<> 


Tyrosine 
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attached to thyroglobulin. The resultant cormpound is 
called monoiodotyrosine (MIT). 

Next, another iodine atom attaches to the 5 position 
of MIT to form diiodotyrosine or DIT. 

The process whereby MIT and DIT are formed, is 
known as organification. It is inhibited by thiouracil 
compounds, 

. Coupling: The next step is called coupling. There are 
two theories about the process of coupling. 
a. According to one theory, coupling is intramolecular. 
It means that two DIT molecules attached to the 
same thyroglobulin combine with elimination of 
an alanine side-chain to form T4. 

. Similarly, one MIT and one DIT molecule attached 
to the same thyroglobulin will condense to form T3. 

c. The second theory suggests that coupling is 
intermolecular. It means that DIT or MIT gets 
detached from one molecule of thyroglobulin and 
attaches to DIT of another thyroglobulin molecule 
to form T4 and T3, respectively. 

d. The enzyme thyroid peroxidase seems to be involved 
in iodination and coupling reactions also. 

e. When one molecule of DIT combines with one 
molecule of MIT attached to thyroglobulin, rT3 is 
formed. It is biologically inert. 

9. Release of thyroid hormones: 

a. When the thyroid hormones are required for 
secretion, colloid containing thyroglobulin is 
ingested by the follicular cells by endocytosis. This 
uptake of thyroglobulin is helped by a thyroglobulin 
receptor called megalin present at the apical 
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Fig. 66.3: Steps of synthesis of thyroid hormones. 
(T3: triiodothyronine) 
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Fig. 66.4: Synthesis of thyroid hormones in thyroid acinar cell. 
(T3: triiodothyronine; T4: tetraiodothyronine; DIT: diiodotyrosine; MIT: monoiodotyrosine) 


membrane. The endocytotic vesicles are then fused In plasma, most of the thyroid hormones remain bound 
with lysosomes. 


to a specific plasma protein called thyroxine-binding 

b. Proteolytic enzymes in the lysosome breakdown the globulin. However, very small amounts of circulatin 

peptide bonds between thyroglobulin and attached | 73 and T4 are present in the free form. One should note 

iodinated residues releasing MIT, DIT, T3, andT4. | thatitis this free form thatis responsible for the action of 
c. Another enzyme called iodotyrosine deiodinase thyroid hormones. 

splits MIT and DIT liberating iodine which is 

recycled. However, this enzyme has no action on 

iodothyronines. So, T3 sagen remain intact and é MODE OF ACTION OF THYROID HORMONES 


they are secreted from the gland into circulation. Lipid-soluble thyroid hormones pass through cell 


a membrane and bind with specific intranuclear receptors 
ener attached to the thyroid response elements of DNA. This 
binding stimulates gene transcription. The rate of synthesis 
of specific messenger ribonucleic acid (mRNA) and specific 
proteins or enzymes coded by these genes is altered and 
this modifies cell function. 

Thyroid hormones have a slow onset of action. The 
peak action of thyroid hormones takes several days to reach 


Also, thyroid hormones have a prolonged action which 
Type 3 deiodinase converts T4 to rT3—the inert 


persists even after the plasma concentration decreases © 
iodothyronine and tends to decrease thyroid overactivity | lower levels. This may be partly due to slow degradation of 
in hyperthyroidism. the hormones, 


Triiodothyronine is the active hormone whereas T4 is a 
prohormone acting as the source of T3. T4 is converted 
to T3 by the enzyme deiodinase, which is of three types. 
Type 1 deiodinase is present in liver, kidney, and skeletal 
muscle whereas the type 2 deiodinase is present in brain. 
These two types of deiodinase convert the prohormone T4 
to T3—the active form. 
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action—Both T3 and 14 increase ¢ 
9.) consumption and heat production jp all 
cept hrain, gonads, and spleen, This 
¢ ancreased activity of Na*-K*-ATPase ¢ 
an ased number of intracellular respira 
may also be due to increased act; 
mogenic uncoupling proteins (UCPs) 
ni ine triphosphate (ATP) synthesis 
sohorviation. 

* one should note that thyroid hormo 
-onflicting actions on carbohydrate, fat, a 
netabolism. Thus, they stimulate glucose 
snd utilization, proteolysis and protein 
spolysis, and lipogenesis. 

‘These metabolic reactions expend considerable 
zmounts of energy but the whole process a 
wasteful. These increased though useless 


Xypen 
lissues 
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lOry units. 
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cause increased heat production. 

The effect of thyroid hormones on heat production is 
dosely associated with its effect on basal metabolic rate 
(BMR) which is typically raised in thyroid hyperfunc- 
tion (see page 51, practical book). 

Hiects on nervous system— Thyroid deficiency causes 


suggish mental activity. On the other hand, excess of 


T4 causes irritability and rapid mentation. Thyroid 
hormone improves memory and ability to learn. 

Inyroxine stimulates activity of reticular activating 
system probably through catecholamines. Thus, T4 
-ncreases alertness, wakefulness, and response to 
stimuli. T4 also improves hearing function and is 
necessary for myelination. 

“aytoid hormones are essential for neuronal devel- 
“pent especially in cerebral cortex, basal ganglia, and 
“»~.¢4. Lack of T4 in the perinatal period may, there- 
~ .cad to mental retardation, rigidity, and deafness. 

- ripheral nervous system is also affected in thyroid 
“i: -rder. Hypothyroid individuals show increased 
“2 on time. There is delayed relaxation in ankle jerk, 
#h.-n is 4 useful clinical sign in diagnosing hypothyroid 
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3 Hiects on heart—Thyroid hormones cause arise in the | 


“umber and affinity of B-adrenergic receptors in the 
“201. This results in positive inotropic and chronowopic 
““on, mediated through catecholamines. — | 
“50,14 causes an increase in the amount of a-myosin 
“4vy chain (a-MHC) with higher ATPase activity. This 


Tay alen result in increased force of cardiac contuac- | 
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c 
hapter 66: Thyroid Gland 


— 


doses of thyroid hormone raise body temperature. 
AS a result, cutaneous vessels dilate and peripheral 
resistance decreases, However, thyroid hormone, along 
with catecholamines, stimulates the heart increasing 
Cardiac output and heart rate. $0, on the whole, there is 
increased cardiac output and low peripheral resistance. 
here is rise in pulse pressure with high volume 


be Ise and hyperdynamic circulation with shortened 
circulation time. 


- Effect on respiration—1 hyroid hormone increases O, 


Consumption as well as O, delivery to tissues. In keeping 
with this, thyroid hormone also stimulates respiration. 
The rate of respiration is higher, minute ventilation is 
increased, and ventilatory response to hypoxia and 
hypercapnia is increased. All these factors help in 
keeping partial pressure of oxygen ( pO.) and partial 
pressure of carbon dioxide ( pCO,) at a normal level in 
Spite of increased O, utilization and CO, production. 


- Relation with catecholamines—T4 and catecholamines 


have interrelated actions. T4 increases the number 
and affinity of B-adrenergic receptors. On the other 
hand, sympathectomy or sympatholytic drugs like 
propranolol] decrease symptoms caused by excess T4. 


. Effect on muscle tissue—Muscle weakness (myopathy) 


is found in both hyperfunction and hypofunction of 
thyroid. 


In hyperthyroidism, the probable cause is increased 
protein catabolism. 


. Effect on skin—Thyroid hormone inhibits synthesis 


of mucopolysaccharides. In hypothyroidism, a 
mucous substance composed of hyaluronic acid, 
chondroitin sulfate, and protein is deposited under 
the skin. This retains water osmotically and it is 
known as “myxomatous” tissue. That is why the term 
“myxedema” is used to denote adult hypothyroidism 
where myxomatous deposit with edema is found 
subdermally. This edema is of nonpitting type. 


. Effect on vitamins—Vitamin requirement is enhanced 


due to increased metabolism. If not supplemented, 
deficiency may occur. 

Thyroxine is required for the conversion of carotene 
to vitamin A. In hypothyroidism, carotene cannot be 
converted to vitamin A due to lack of T4. So, carotene 
accumulates in blood and the condition is called caro- 
tenemia. The yellow coloration of the skin produced 
in this condition simulates jaundice. However, white 
sclera in carotenemia distinguishes the two conditions. 


_ Effects on carbohydrate metabolism—Thyroid 


hormone increases absorption of carbohydrate from 
gut. lt also stimulates glycolysis, neoglucogenesis, and 
glucose utilization by tissues. Thus, thyroid hormone 
has variable effect on blood glucose level. 
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Effects on cholesterol metabolism—Thyroid hormone 


lowers blood cholesterol. Thyroid hormone probably 
increases the number of low-density lipoprotein or 
receptors in the liver. This helps in uptake of cholestero 
from blood into liver. 

Effects on lipid metabolism—Thyroid hormone causes 
both lipolysis and lipogenesis. In moderate ee. 
it promotes synthesis of fatty acids. But high level 0 
thyroid hormone causes lipolysis with depletion of 
stored body fat. 
Effects on protein metabolism—Small doses of thyroid 
hormone stimulate growth in young hypothyroid 
children. But, given in large dose, weight loss occurs 
due to protein catabolism. 

In adults, thyroid hormones cause increased protein 
catabolism. This requires food supplementation to 
prevent weight loss. 
Effects on growth: Thyroid hormone is essential for 
growth and maturation. Epiphyseal closure of bones 
and rate of bone growth is dependent on T4. 

The effects of growth hormone on growth are poten- 
tiated by T4. Effect of T4 on growth and maturation is 
proved by its effect on metamorphosis of frogs. Without 
T4, tadpoles do not turn into frogs. Conversely, admin- 
istration of T4 and T3 brings on early metamorphosis, 
producing small-sized frogs. 

Other effects: 

a. Thyroxine stimulates milk secretion 

b. Thyroxine has a permissive action on normal 
reproductive function in both males and females. 


Action of Thyroid Hormones (Summary) 


. Calorigenic action due to: 


a. Increased activity of Na*-K*-ATPase 
b. ¢ activity of thermogenic uncoupling proteins 
c. Futile cycles of contradictory metabolic activity. 


. Effects on central nervous system ( CNS): Stimulates 


mentation, alertness, wakefulness [through reticular 
activating system (RAS), hearing function, myelina- 
tion, neuronal development of cerebral cortex, basal 
ganglia and cochlea, and reaction time of reflexes. 


. Effects on heart: 


a. Rise in number and affinity of B-adrenergic 
receptors — Positive inotropic and chronotropic 
action via catecholamines 

b. Rise in MHC with higher ATPase activity > ¢ force 
of contraction. 


. Effect on circulation: 


a. Calorigenic effect +1 body temperature > 
Cutaneous vasodilation > 4 peripheral resistance 
b. Stimulates heart >? cardiac output, f heart 
rate, T pulse pressure, T pulse volume, and 
hyperdynamic circulation with | circulation time. 
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a. T O, consumption, T O, delivery to tise, 
stimulation of respiration, ‘ respiratory ray ; 
minute ventilation, and t ventilatory respons, | 
hypoxia and hypercapnia to 

b. All these keep pO, and pCO, normal in site of 
Gg, utilization and CO, production. 


_ Relation with catecholamines: 


qa. Number and affinity of B-adrenergic re cept 
increased 5 

b. Sympathectomy/ sympatholytic drugs reliey, 
symptoms of hyperthyroidism. 


- Muscle weakness in both hypo- and hyperthyroj dis 


(by protein catabolism). 


. Inhibits mucopolysaccharide synthesis. In hypothy. 


roidism, myxomatous tissue composed of hyaluronic 
acid, chondroitin sulfate and protein which retaip 
water, is deposited subdermally. Hence, it is calle 
myxedema, the edema being nonpitting. 


- Converts carotene into vitamin A. Hypothyroidism 


produces carotenemia leading to yellow skin which 
is distinguished from jaundice by white sclera. 
Increases absorption of carbohydrate from gut, 
Causes T glycolysis, T gluconeogenesis, t peripheral 
utilization of glucose. 

Lowers blood cholesterol due to increased number of 
LDL receptors —>7 uptake of cholesterol from blood. 
Thyroid hormone in moderate amounts ~ lipogenesis, 
but at high level causes lipolysis. 

Small dose of T4 > stimulates growth in young 
children but in large dose, causes weight loss due to 
protein catabolism. 

Essential for growth and maturation. It influences rate 
of bone growth and epiphyseal closure, potentiates 
effect of growth hormone on growth. 

Without T4, tadpoles do not grow into frogs but 
administration of T4 and T3 produces small-sized 
frogs due to metamorphosis. 

a. Stimulates milk secretion 
b. Permissive effect on normal reproductive function 
in both sexes. 


Hl REGULATION OF THYROID SECRETION (FIG. 66.5) 


Thyroid gland secretion is regulated by: 
a. Thyrotropin-releasing hormone (TRH) secreted [100 


hypothalamus. Rise in TRH augments secretion 0 

thyroid hormone by stimulating thyroid-stimulatne 

hormone (TSH) secretion from the pituitary. 
b. Thyroid-stimulating hormone, secreted by 4 


nterio! 


pituitary, stimulates secretion of hormone from thy 


gland. 
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Fig. 66.5: Regulation of thyroid secretion, 


c, Negative feedback exerted by circulating T3 and T4 
hormones controls TRH and TSH secretion and thereby 
secretion of thyroid hormones (Fig. 66.5). 

Also, cold stimulates TSH secretion in infants. 

Stress inhibits TRH secretion. 

Dopamine, somatostatin, and glucocorticoids inhibit 
TSH secretion. 


| FEATURES OF HYPOTHYROIDISM 


Thyroid deficiency in infants is a serious problem. 

Thyroxine is essential for the development of brain and 
neuronal growth particularly during the period beginning 
from the 2nd trimester in utero to 6 months after birth. 
Deficiency of thyroid hormone in this period may lead to 
pérma!ent mental retardation. 

Early diagnosis of thyroid hypofunction and prompt 
institut on of thyroxine therapy, can prevent permanent 
mental ‘etardation. 

Es! blished hypothyroidism in children is known as 
“etini and affected children are known as cretins. 


Featur: of Cretinism 


1, Short in stature (dwarfed) 

2. Mental retardation 

3, Large, protruding tongue with potbelly. This is because 
soft issue growth is unchanged whereas skeletal growth 
1S Stunted 

: Dry, rough skin 

. Deaf-mutism and rigidity may be present 

6. Delayed milestones of development 


7. Infantile body Proportion is retained even in adulthood 
lin Infants, the length of the trunk (crown-rump length) 
is relatively Breater than the length of lower lirnbs| 


B MYXEDEMA 


Adult hypothyroidism is called myxedema due to 


subcutaneous deposition of myxomatous tissues. 
It may be due to: 


a. Iodine (I,) deficiency 

b. Thyroidectomy 

cC. Hashimoto's disease 

d. Pituitary failure to secrete T SH 

e. Hypothalamic failure to secrete TRH. 


The main features are: 
. Low BMR with sensitivity to cold and weight gain 
- Dry, yellowish skin due to carotenemia 
- Puffy face, enlarged tongue, and stiff joints 
- Voice is husky (diagnosed over telephone) 
. Poor mentation, impaired memory, lethargy, and 
somnolence 
6. Sometimes, there are psychological aberrations called 
“myxedema madness” 
¢. Bradycardia, decreased cardiac output, low-voltage 
electrocardiogram (ECG), and pericardial effusion 
8. Normochromic, normocytic anemia 
J. Menstrual irregularities and reduced lactation 
10. Rise in blood cholesterol. 
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i CAUSES OF HYPERTHYROIDISM 


a. Graves’ disease 

b. Solitary toxic adenoma 

c, Toxic multinodular goiter 

d. Thyroid-stimulating hormone hypersecretion from 
pituitary tumor, etc. 


Graves’ Disease 


It is an autoimmune disorder with antibodies formed 
against TSH receptors. 

These antibodies (called thyroid-stimulating immuno- 
globulins or TSIs), like TSH, stimulate TSH receptors but 
they have comparatively a much prolonged action leading 
to hyperfunction of the gland. 

Exophthalmos (see below), goiter (swelling of the 
thyroid gland) and thyroid hyperfunction coexist in this 
condition. 

Principal features of hyperthyroidism are: 

1. Raised BMR (up to +100) with heat intolerance (see 

practical page 52) 

2. Weight loss in spite of hyperphagia. Diarrhea nay be 
present 


3. Warm, moist, and soft skin (distinguishes from anxiety 
neurosis where the skin is cold and clammy) 

4. Excitability, irritability, and nervousness with fine 
tremors in outstretched fingers 

5. Increased sleeping pulse rate (distinguishes from 
anxiety neurosis where sleeping pulse rate is normal) 

6. Increased cardiac output, increased pulse pressure, and 
high output cardiac failure 

7. Osteoporosis and thyrotoxic myopathy may occur 

8. Exophthalmos—As against thyroid tissue, antibodies 
are produced also against the extraocular muscles and 
orbital connective tissue. This causes these tissues 
to swell and push the eyeball forward. This is how 
exophthalmos is caused. Although it is a characteristic 
feature of Graves’ disease, it may be absent or may 
be present in euthyroid or even in hypothyroid | 
conditions 

9. Reduced cholesterol level and high blood sugar 
level. 


a a 
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Fig. 66.6: Exophthalmos in hyperthyroidism, 


| BEWOLFF-CHAIKOFF EFFECT 


1. Surgery with subtotal thyroidectomy 
2. Radioablation of thyroid with I'”’. 
3. Antithyroid drugs: 

a. Lugol’s iodine—It is used mainly in preparing | 
thyroid for surgery as it reduces vascularity of the 
gland 

b. Perchlorate and thiocyanate—They interfere with 
iodide trapping 

c. Propylthiouracil and methimazole—tThey interfere 

with organification (MIT and DIT formation) and 
coupling 

. B-blockers like propranolol which reduce peripheral 
symptoms of hyperthyroidism. 


Bf TREATMENT OF HYPERTHYROIDISM 
| 
| 





§ EXOPHTHALMOS (FIG. 66.6) 


1. This is caused by protrusion of eyeball with the sclera 
above the upper margin of cornea becoming clearly 
visible. 

2. The forward displacement of eyeball is caused by 
swelling of the extraocular muscles and also of the 
intraorbital connective tissue. | 

3. Although this is commonly present in Graves’ disease, 
it is also found in euthyroid and even in hypothyroid | 
patients. 

4. The etiology of exophthalmosis linked to an autoimmune 
reaction in which antibodies are produced against an 
antigen common to ocular tissue and thyroid. | 

_ Corticosteroids and immunosuppressants improve the | 
condition while thyroidectomy may worsen it. 
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1. We have seen that iodides are required for the synthe. 
sis of thyroid hormones. But, if the intake of iodid. 7 
too low or too high, both are harmful for thyroid func. 
tion. 

2. lodides, given in high dose, inhibit organification 2: 
thus, synthesis of thyroid hormone is decreased. Ti 
is known as Wolff-Chaikoff effect. 

3. The above inhibitory effect of excess iodine on th 
synthesis of thyroid hormones is more pronounced i: 
thyrotoxicosis. 

4. Also, iodides, in high dose, reduce the vascularity of ti: 
hypertrophied gland. 

5. For these reasons, iodide in the form of Lugol's iodine 
is routinely given during preparation of a hyperthyroic 
gland before surgery. 

6. When there is excess intake of iodide, thyroid hormone 
are synthesized in increased quantity. But in norm 
persons, the increased level of thyroid hormoné: 
decreases TSH secretion by a negative feedbacs 
effect. The decreased TSH then reduces synthesis © 
hormones by thyroid gland. So hyperthyroidism do 
not occur. 

However, in some thyroid disorders, this feedb2o : 
regulation of hormone secretion by thyroid gla%° * 
lacking. In such conditions, iodide excess may €¢~ 
uninhibited secretion of thyroid hormones resus 
in hyperthyroidism. This is known as Jod Based" 
effect. It is frequently seen when autonomously acim 
thyroid adenoma or multinodular goiter !s exposed 
high concentration of iodide like radiocontast meet 
or iodine containing drug like amiodaron€ 





Chapter 66: 
nn . 
vo ———Threld Gland 


rere for ofhyperthyroidism may appear in untreated 
‘ded ately treated hyperthyroidism Complicated b 
tating illness, surgery, or radioactive therapy The 
atin may present with delirium, fever, arthythmia 
dia failure, and hyperthermia, It has high fatality rate 
sho uld be treated vigorously with close monitoring 
Treatment constitutes administration of drugs block- 
oe juyoid hormone synthesis such as Propylthiouraci] 
sngiodides. Propranolol is also useful. Other supportive 


measures &-8- cooling, rehydration, etc. are also required. 


f GOITER 


gvelling of thyroid gland is called goiter. Goiter may be of 
different varieties and they may be classified as follows: 
4, Euthyroid golters: 
|, Colloid goiter due to iodine deficiency (in iodine 
deficiency, thyroid hormones cannot be synthesized 
in adequate amounts. In absence of the negative 
feedback by thyroid hormones, TSH secretion rises. 
This excess TSH, due to its trophic effect on thyroid 
gland, produces enlargement of thyroid gland 
called goiter) 
2. Puberty goiter—It is commonly found in girls at 
puberty. 
B. Hypothyroid goiter—It is present in adult myxedema 
patients and in cretins. 
C. Hyperthyroid goiter: 
1. Graves’ disease 
2. Toxic multinodular goiter 
3, Solitary toxic nodule. 


Goiter a’. Thyroid Function 


Goiter may be caused by a rise in TSH or TSI. Thus, a 
'ypothyroid goiter may be produced due to increased 
TSH in jp) ‘mary failure of thyroid gland to secrete thyroid 
hormone: or in hypothyroidism due to I, deficiency. 

In! pothyroidism due to low TSH or TRH, ice. in 
pituitary or hypothalamic failure, there is no goiter due to 
‘ck of follicular stimulation, 

Conversely, a hyperthyroid goiter may be produced in 
Taves’ disease where the excess TSI has a trophic effect 


On thyroid follicles 
Negative feedba 
alow TSH), 








(TSH is low in this condition due to 
Ck and itis the only goitrous condition with 


Hyperthyroid goiter is also produced due to pituitary 


TR thalamic overstimulation leading to excess TSH or 


However, goiter due to hyperthyroidism is not produced 


: thyroid gland tumor where there is hypersecretion of 
yroid hormones. Here, there is no goiter due to low TSH 
Caused by negative feedback. 


B THYROID FUNCTION TESTS 


1. Protein-bound iodine (PBI) test: Normal level of PBI 
1S 4-8 1g/100 mL. Values less than 3.5 ug/dL suggest 
hypothyroidism. This test is now obsolete. 

2. Indirect evidences of thyroid function may be obtained 
from sleeping pulse rate, plasma cholesterol level, 
etc. 

3. Basal metabolic rate: This was previously used to assess 
thyroid function. High BMR indicates thyrotoxicosis 
while abnormally low BMR suggests hypothyroidism. 

However, this method of assessing thyroid function is 
subject to much error. Hence, it is now discarded in favor 
of the highly sensitive and accurate radioimmunoassay 
technique of assessing thyroid function. 

4. Measurement of T3, T4, and TSH by radioimmunoassay 
technique: This is a very accurate and sensitive method 
of assessing thyroid function. In thyrotoxicosis, T4 and 
T3 are elevated whereas TSH level is depressed. In 
hypothyroidism, TSH level is elevated with normal or 
low T3 and T4. 

5. Radioiodine uptake: Uptake of radioactive I'*! may be 
helpful in assessing thyroid function. Normal uptake 
is between 5% and 30% of the dose administered. 
Decreased uptake (<5%) and increased uptake (>60% 
after 24 hour) correspond to hypo- and hyperfunction 
of thyroid, respectively. 

6. Thyroid scan: Thyroid scan is useful in detecting 
localized thyroid hyperfunction or hypofunction. 

Thus, it is useful in differentiating between toxic 
nodule with increased radioiodine uptake and malig- 
nant nodule (cold nodule) with almost no radioiodine 
uptake, 
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androsterone (DHEA) and androstenedione and as, 


on small amount of glucocorticoids. 
In the fetus, the adrenals are larger in size than the xg 


1. The adrenal glands are two in number located at the | 4, 
top of the two kidneys. Each gland is divided into two neys. Fetal adrenal glands secrete dehydroepiandro< 
parts—{1) an outer cortex and (2) an inner medulla. terone sulfate in large amounts. This is then conver=: 


= 


2. Each gland weighs about 5 g, 80% of which belongs in the placenta into androgen and estrogen. 
+o the cortex. The adrenal cortex again consists of | 5 After birth, fetal adrenal glands involute and becon: 
three separate zones. These are: (1) zona glomerulosa, reduced in size. 


(2) zona fasciculata, and (3) zona reticularis (Fig. 67.1). 
The outer zona glomerulosa exclusively secretes the | CHEMICAL STRUCTURE OF THE HORMONES 


3 
mineralocorticoid aldosterone. 
Zona fasciculata, the wider middle zone, mainly syn- |_ 1. All adrenal cortical hormones are cholesterol derivatives 
thesizes the glucocorticoids cortisol and corticosterone. called steroids. 
These contain the cyclopentanoperhydrophenanthren 


Zona reticularis, the inner most zone of adrenal cortex, 


mainly secretes the androgenic hormones, dehydroepi- nucleus. 


9. The adrenocortical hormones are of two types: 
a. 21-carbon steroids, having a two-carbon side-cha= 
at position 17 (Fig. 67.2) 
b. 19-carbon steroids, having a keto or hydroxyl gow 
at position 17, e.g. androgens. 
3. Glucocorticoids and mineralocorticoids are 21 -cardon 
steroids while androgens secreted from adrenal com= 
are 19-carbon steroids. 





BIOSYNTHESIS OF ADRENAL STEROID HORMONES 
(FIG. 67.2) 


1. a. Theadrenal steroid hormones are synthesized nom 
cholesterol. Cholesterol may be synthesize mon 
acetate, but it is mostly derived from circulanns 
low-density lipoprotein (LDL). Free cholester! > 
obtained from cholesterol ester hydrolyze¢ by Be 
enzyme cholesterol ester hydrolase. 

b. This cholesterol is carried to mitochond!! 
the enzyme cholesterol desmol«s¢ (side-cha 
cleavage enzyme) converts it into p* gnenolone 


4, whelt 
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Fig. 67.1: Histology of adrenal gland. 
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; O 
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O 
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Fig. 67.2: Biosynthesis of adrenal steroid hormones. 
CH,OH CH,OH CH,OH 
i dn Tbe 
C=0 CH C=0 CHE =O 
H H : H 
Aldosterone _Aldosterone 
O synthase 0 synthase 
Corticosterone 18-hydroxycorticosterone Aldosterone 


Fig. 67.3: Synthesis of aldosterone. 


2, In the next step, pregnenolone (which now migrates 
to sooth endoplasmic reticulum) is dehydrogenated 
byt! enzyme 3B-hydroxysteroid dehydrogenase into 
prog: terone and a double bond appears at the 4-5 
posit. uns, 

‘ The »»zyme 17a-hydroxylase converts pregnenolone 
and | ogesterone into 17a-hydroxypregnenolone and 
'74-ly droxyprogesterone, respectively. 

* These are then acted upon by 17,20 lyase activity of 
the same enzyme which splits the bond between the 
Carbon atoms at positions 17 and 20. As a result, the 
hormones DHEA and androstenedione are produced, 
respectively, 

! : *6esterone and 17a-hydroxyprogesterone are hydrox- 
ed by 21B-hydroxylase enzyme giving rise to 11-de- 
‘corticosterone and 11-deoxycortisol, respectively. 


6. These compounds now move back to the mitochondria 
and 11f-hydroxylase converts them into corticosterone 
and cortisol, respectively. 

7. Inzona glomerulosa, the enzyme aldosterone synthase 
converts corticosterone first into 18-hydroxycorticoste- 
rone and then to aldosterone (Fig. 67.3). 


8. Ithas been mentioned previously that zona glomerulosa 


exclusively secretes the mineralocorticoid aldosterone 
whereas zona fasciculata predominantly synthesizes 
the glucocorticoids cortisol and corticosterone. Zona 
reticularis mainly synthesizes the sex steroids. 

This is because aldosterone synthase, the enzyme es- 
sential for synthesis of aldosterone is found exclusively 
in zona glomerulosa. Also, this zone cannot synthesise 
cortisol (glucocorticoid) or sex steroids as it lacks 
17a-hydroxylase. 
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Again, the difference in the synthesized products 
ticularis is due to 
nzymes/ 


of zona fasciculata and zona re 
the variable distribution of synthesizing ¢ 


cofactors. 


The enzymes 3f-hydroxysteroid dehydrogenase and 
fasciculata and 


d corticosterone in 
e activity 
this 
ds DHEA and 


17a-hydroxylase are present in zona 
this favors synthesis of cortisol an 
this zone. Conversely, cofactors for 17,20 lyas 
are mainly present in zona reticularis. Hence, 
zone predominantly secretes sex sterol 
androstenedione. 


Prolonged use of synthetic steroids in supraphysiologic 
(therapeutic) doses leads to suppression of the 
hypothalamo-pituitary-adrenal axis. This now may not 
function normally for as long as several months after 
stoppage of therapy. So, after sudden stoppage of steroid 
therapy, cortisol secretion is subnormal. This may lead to 
disastrous results (cortisol being a lifesaving hormone) 
particularly when cortisol requirement increases sharply 
in acute stress. 

This is why glucocorticoid therapy should always be 
tapered off very slowly before it is stopped. This enables 
the suppressed hypothalamo-pituitary-adrenal axis to 
recover adequately. 


Bf REGULATION OF GLUCOCORTICOID SECRETION 


1. Role of adrenocorticotropic hormone (ACTH) and 
negative feedback of glucocorticoids: 

a. The glucocorticoid cortisol is secreted from the 
adrenal cortex in response to ACTH secreted from 
the pituitary, which again is influenced by secretion 
of corticotropin-releasing hormone (CRH) from the 
hypothalamus. This is known as the hypothalamo- 
pituitary-adrenal axis. 

b. Circulating cortisol exerts a negative feedback 
effect which inhibits CRH secretion from the 
hypothalamus and ACTH secretion from the 
pituitary. Thus, when circulating cortisol level is 
high, further secretion of the hormone is inhibited 
by the negative feedback effect. 

On the other hand, when circulating cortisol level 
is low, the inhibition on CRH and ACTH secretion 
is withdrawn. Cortisol secretion is, thus, stepped up 
by the enhanced secretion of CRH and ACTH. 

2. Diurnal rhythm: 

a. Normally, ACTH levels are higher in the morning 
(between 4 AM and 10 AM) while they are lower in 
the evening. Plasma cortisol level also fluctuates 
accordingly. This is known as diurnal rhythm or 


circadian rhythm. 
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b, ‘Thissort of “biological clock” is maintained * 
by the suprachiasmatic nuclei acting in ies 
the light-dark cycle of the day. m 

3, Stress (see also box): 

a. A variety of challenging situations, such a. ios 
trauma, pyrogens, burns, anesthesia, ,, a” 
hemorrhage, hypoglycemia, etc. which stim 
the activity of hypothalamic-hypophysea|., ula 
axis, are known as “stress’. 

b, Stress mainly increases glucocorticoid secre 

Ctlon, 
through CRH. 

C. Adrenocorticotropic hormone Secretion . 
stimulated by CRH which is secreted from ¢ : 
paraventricular nucleus of hypothalamy, le 
response to stimulation from different aie, a 
follows: “ 
» Afferents from amygdaloid nuclei, mediatin eth 

effects of emotional stresses. : 

» Afferents from suprachiasmatic nuclei, which 
bring stimulatory input in response to light-day, 
cycle. 

» Afferents from pain pathways and teticula 
formation which transmit the effects 9 
nociceptive stimuli. 

¢ An inhibitory influence from baroreceptors 
which comes from nucleus tractus solitarius, 

All these conditions of “stress” stimulate secretion 

of CRH and thereby increase ACTH secretion ftom 

pituitary and, thus, augment glucocorticoid output 
from adrenal cortex. 

4, Itisimportantto note that stress-induced glucocorticoid 
secretion overrides other regulatory mechanisms, such 
as, the diurnal variation or negative feedback effect of 
cortisol. Increased ACTH secretion occurs in stress 
despite high cortisol levels. 
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Bj MODE OF ACTION OF CORTISOL (GLUCOCORT!COID) 


Glucocorticoids including cortisol enter through cell 
membrane as they are lipid soluble. They then bind 
to receptors in the cytoplasm. The hormone-receptor 
complex migrates to the nucleus. There they bind with 
specific neucleotide sequences in DNA known as hormone 
response elements which regulate transcription of specilt 
genes. The transcribed messenger ribonucleic acids 
(mRNAs) synthesize specific proteins or enzymes which 
produce typical changes in cell function. 

[The widely varying functions of glucocor 
different types of cells may be explained by the pre 
absence of various coactivator and corepress 
in DNA, which determine the expression 0! specific 
segments in each specific cell type]. 
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carbohydrate metabolism: 
1 promotes glycogenesis in liver and 
a. increases neoglucogenesis 
_ pecreases peripheral utilization of glucose 
“ increases absorption of glucose from the gut—Ner 
affect is an increased blood Sugar level. 
on protein metabolism—Incteases br 
~ teins into amino acids which form 
neogiucogenesis. = ; 

Also, glycogenesis in liver occurs at the 
roken down proteins which form glucose 
cogenesis. . 

3 Onfatmetabolism: = 
2, Cortisol is weakly lipolytic. It also 4 
mobilization brought about by growth hormone, 
adrenaline, etc. 
b. Italso causes redistribution of fat leadin 
obesity. 
s Cortisol, like aldosterone, stimulates Na- teabso 





ee 
ee 


by neogiu- 


Iption 


and’ excretion. This is a good example of overlapping 


effect (see page 382). 


Cortisol also promotes Ca*™ excretion in urine. It 


decreases Ca absorption from the gutas it antagonizes 
vitamin D. 

5, On muscles—Cortisol deficiency leads to impaired 
performance of skeletal and cardiac muscle. 


On the other hand, excess cortisol leads to decreased | 


€akdown of 
Substrate for. 


of 


| 


' 
| 


| 
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elps in fat | 
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muscle protein synthesis and increased catabolism. _ 


This reduces muscle mass causing muscle weakness. 
6. On bone—Bone formation is inhibited by cortisol. The 
possible mechanisms are: 


a. Cortisol reduces synthesis of type I collagen, an 


essential component of bone matrix 
b. “n¢ number of active osteoblasts is decreased. 


®. 2” absorption from the gut is reduced as cortisol _ 


“)poses the actions of vitamin D3. 
d. | srtisol enhances bone resorption. Excess cortisol 
“ads to osteoporosis and bone fracture. 
’. On connective tissue—Cortisol inhibits collagen 
Synthesis, Excess cortisol leads to: 
4. Thin skin 
b, Thinning of capillary wall, which gives rise to rup- 
‘ure of capillaries and hemorrhage under the skin 
" vascular system: 
4. Cardiac performance and normal blood pressure 
are maintained by cortisol. | 
b Cortiso] has a permissive effect on the vasoconsuic- 
lor action of catecholamines. 
This means that presence of cortisol enhances 
“asoconstrictor effect of catecholamines. 


4,0 





9. Onk 


10. 


12. Wound healing— 


13. On 
Absence of cortisol decreases the body's ability to 
Combat stressful situations with consequent fatal results 
(see also “stress” in regulation of cortisol secretion). 


© Cortisol decry 


veh ©a8es permeability of vascular endo- 

theliurn, This prevents alteration of blood rolurne 
idney 

a. Cortisol increases Gomerular filtration rate (GFR) 

b. Cortisol is nec 


essary when rapid excretion of water 
load is required. 


On central nervous system (CNS) 
4. Rapid eye movement (REM ) sleep is decreased 
slow wave sleep is increased by cortisol 
7! May Cause insomnia and mood 
fluctuation. It may also decrease threshold of 
activity 


11. On blood—Cortisol increases neutrophil, red blood cel 
RC) and platelet count but it decreases eosinophil 


As cortisol reduces growth of 
lasts, it retards the process of wound healing 
stress—Cortisol has the unique ability to fight stress. 
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@. Activation of the sympathetic nervous system and 
release of epinephrine in circulation. 

b. Activation of CRH-ACTH-cortisol axis. Secretion 
of cortisol has profound effect on metabolic 
reactions and nutrient balance of the body. Thus, 
giucose, amino acid, and fatty acid pools are kept 
ready to meet the demand of any extra nutrient. 

c. Suppression of insulin and stimulation of ghuca- 

gon increase plasma glucose and famy acid level. 

Activation of renin-angiotensin-aldosterone 

axis, caused by sympathetic stimulation. This 

maintains BP and blood volume. 

e. Stimulation of antidiuretic hormone (ADH) 
secretion which also affects blood pressure and 
blood volume. 

Almost all of these effects are well co- 
ordinated and influenced directly or indirectiy by 
hypothalamus. 

Suess can have both positive and negative effects. 

Acutely increased glucocorticoid level during the 

stressful situation in severe infections, tauma, etc. 

suppresses immune response and protects the body 
from the injurious effects of acute inflammation. 

Cortisol deficiency in acute stress may even be fatal. 
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3. On the other hand, chronic stress with resultant high 


14. 


15. 


level of glucocorticoids for prolonged period, can 
have negative consequences giving rise to varlous 
Stress-related diseases, ‘The increased blood glucose 
concentration due to the action of raised cortisol 
level in chronic stress, aggravates insulin resistance 
and thereby diabetes mellitus type 2. That is perhaps 
one reason why stress is a common accompaniment 
of this type of diabetes. 


. Apart from physical stress, we meet various chronic 


nonphysical, psychosocial assaults to the body 
constituting stress in day-to-day activity. The various 
neuroendocrine responses, if prolonged, cause 
harm to the body and may produce diseases like 
hypertension, peptic ulcer, etc. 

That is why combating stress through various 
measures such as lifestyle modification, relaxation 
exercises, etc. has been uppermost in the minds of 
physicians in designing treatment plans of the stress- 
induced illnesses. 


On fetus: 

a. Cortisol facilitates in utero maturation of fetal 
organs 

b. Helps in fetal lung maturation including production 
of surfactant. 

On inflammatory and immune response: 

a. Cortisol inhibits phospholipase A,. As a result, it 
prevents synthesis and release of prostaglandins, 
leukotrienes, thromboxane A,, which are the 
inflammatory mediators. 

b. Cortisol stabilizes lysosome. Thus it prevents 
discharge of various proteolytic enzymes. 

c. Cortisol decreases margination and recruitment of 
leukocytes during the process of inflammation. 

d. Cortisol inhibits growth of fibroblasts and deposition 
of fibrils. Thus, it prevents proper walling off of the 
infected area. 

e. Cortisol reduces the number of circulating T, 
specially T4 lymphocytes and inhibits their 
migration to the site of antigen. 

f, Cortisol interferes with cell-mediated immunity by 
inhibiting the production of interleukin-1 (IL-1), IL- 
2, and interferon-y (INF-7). 

g. Cortisol suppresses febrile response by decreased 
production of IL-1. 


Action of Cortisol (Summary) 





1. Oncarbohydrate metabolism: 


s Promotes glycogenesis in liver and skeletal muscle 
= + neoglucogenesis, | peripheral! utilization of 
glucose, and } absorption of glucose from gut. 
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2, On protein metabolism: 
es Protein breakdown to aming acids —, 
genesis (converted to glucose) 
liver. 
4, On fat metabolism: 
s Weakly lipolytic 
a Helps in fat mobilization by GH, adren.1 
; ‘ dling 
a Causes redistribution of fat > truncay shea 
4, Stimulates Na’ absorption and x , 
(overlapping effect with aldosterone), py, 
excretion in urine. 
Decreases Ca** absorption from gut ( 
vitamin D). 
5. Cortisol deficiency > impaired perfo; 
skeletal and cardiac muscle. 
Excess cortisol > | synthesis of muscle protei 
t catabolism — leads to | muscle mass -, it 
6. On bone: Inhibits bone formation because- * 
= Reduces synthesis of type I collagen 
Decreases number of active osteoblasts 
Reduces Ca** absorption from gut 
Enhances bone resorption. 
Excess cortisol — osteoporosis, bone fracture 
7. Onconnective tissue: Inhibits collagen synthesis 
Excess cortisol > Thin skin, thin capillary wall leading 
to rupture and hemorrhage. 
8. On vascular system: 
ws Maintains normal BP and cardiac function 
= Permissive effect on vasoconstrictor action of 
catecholamines 
= Decreases permeability of vascular endothelium 
— prevents change in blood volume. 
9. On kidney: 
= Increases GFR 
= Required for rapid excretion of water load. 
10. | REM sleep, tf NREM sleep 
Excess cortisol > Insomnia, mood fluctuation, and 
decreases seizure threshold. 
11. Increases neutrophil, RBC, and platelet count 
Decreases eosinophil and lymphocyte count. 

12. | growth of fibroblasts > | wound healing. 
13. Ability to fight stress. Absence of cortisol > 
to combat stress > May lead to de... 

14. On fetus: 
Facilitates in utero maturation of {tal organs 


Cng| 
> ¢ lir 
> Bly oper 


SeCreti,, 
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: toll 
Helps production of surfactant an 'ung mature 
15, On inflammation and immune res;0"S¢ : 
Re. thes 
# Inhibits phospholipase A, — ' reven!s — al 
and release of prostaglandins, jeukotrien®® 


thromboxane A,—the inflamma\ot 
® Stabilizes lysosomes 





- , pecreases margination and recruitment of 


inhibits growth of fibroblasts and deposition of 


abrils. Thus, prevents walling off of infected area 

« Reduces number of T4 lymphocytes and inhibits 
sheir migration to site of antigen 

- Inhibits IL-1, IL-2, INF-y + Interferes with cell- 
mediated immunity 

, suppresses fever by decreasing production of IL - L 
























guSHING'S SYNDROME 


nis cnaracterized by secretion of excess glucocorticoids, It 
maybe caused by ACTH-independent conditions, such as: 
» Byogenous administration of excess glucocorticoids 

. Glucocorticoid-secreting adrenal tumor. 


,grenocorticotropic hormone-dependent conditions 
include: 
,, Pituitary tumors 
», Nonpituitary tumors such as carcinoma of the lung 
which secretes ectopic ACTH 
-. Secondary to CRH hypersecretion. 
In these conditions, excess ACTH secretion leads to 


increased glucocorticoid secretion. 


bo 


(inical Features 

|. Related to protein metabolism: As a result of enhanced 
gluconeogenesis, there is increased conversion of pro- 
tein into glucose. This results in protein depletion at 
various sites of the body. Thus, the hair and skin are thin 
and the muscles are underdeveloped. Wound healing is 
delayed due to impaired collagen synthesis. The subject 
isprone to bruises as the walls of blood vessels are fragile. 

2. Related to fat metabolism: Accumulation of fat occurs 
in the trunk while the extremities are spared. 

The thin skin of the abdomen, overstretched by 
accumulated fat, presents purple striae which are linear 
scars formed by rupture of subcutaneous tissue. 

Deposition of fat on the back results in buffalo hump 
while the rounded fat-filled face is called moon facies. 

’. Related to carbohydrate metabolism: In Cushing's 
syndrome, diabetes mellitus may be caused by: 

4. Increased gluconeogenesis from the amino acids 
liberated by increased protein catabolism 

b. Decreased peripheral utilization of glucose. 

Ihe patients of Cushing’s syndrome often suffer from 
ypertension caused by: 

4 Salt and water retention due to the significant 
mineralocorticoid effect of the excess cortisol and 
elevated deoxycorticosterone (if ACTH level is high) 

Permissive effect of cortisol to the action of 

“atecholamines on blood vessels. 
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ete 


the action of excess cortisol on bone (described in 
Connection with the action of cortisol). Collapse 
of vertebral bodies and fractures of bones are not 
uncommon following trivial injury. 


- Mental symptoms may vary from euphoria to 


testlessness, insomnia and psychoses. Abnormality in 
electroencephalogram (EEG) may also be present. 


; Hematological changes: Polycythemia, increase in 


the number of neutrophils and platelets associated 
with lymphopenia, eosinopenia, and basopenia are 
characteristic features, 


Hf ADRENOGENITAL SYNDROME 
l. 


This occurs in 21B-hydroxylase (commonly) and 
11B-hydroxylase deficiency. Here the steroids behind 
the blocked steps (of cortisol synthesis) accumulate in 
large quantities. This is due to the action of ACTH whose 
level is elevated due to absence of negative feedback 
effect of cortisol. 


. These piled up glucocorticoid precursors are then 


diverted to synthesize the sex steroids, DHEA and 
androstenedione since these pathways are open. This 
result in excess accumulation of sex steroids and the 
condition is known as adrenogenital syndrome. A 
tumor of adrenal cortex may also cause this condition. 


. The manifestations of adrenogenital syndrome depend 


on age and sex of the patient. 

a. In an adult female, it causes masculinization. As a 
result, there may be male pattern ofhair distribution, 
deep voice, muscular arms and legs, small breasts, 
and stoppage of menstruation. 

b. In newborn females, signs of female pseudoher- 
maphroditism appear with male type genitalia and 
enlarged clitoris. 

c. In prepubertal males, precocious pseudopuberty 
(premature development of pubertal characteristics) 
may appear in the form of a deep voice, facial hair, 
enlarged penis, and sexual drive. However, there is 
no sperm production as the testis is nonfunctional. 

d. In adult males, there is no special effect as the effects 
of adrenal androgens are superseded by those of 
more potent testicular androgens. 


_ As mentioned earlier, in this syndrome, there is absence 


of cortisol due to deficiency of enzyme in biosynthetic 
pathway. This causes overproduction of CRH and 
ACTH as there is no negative feedback. This excess 
CRH and ACTH ultimately lead to increased secretion 
of adrenal androgens as the biosynthetic pathway of 
these hormones is clear or open. This excess adrenal 
androgen cannot inhibit ACTH or CRH but they inhibit 
gonadotropin secretion. As a result, the male patients 


show sterility. 


com 


% Oste 
Osteoporosis is a frequent accompaniment due to 


Section 9: Endocrine System 
—_—— », Aldosterone stimulates Na’ reabsorptign,, : 
glands, salivary glands, and in dista nee 
gastrointestinal tract. Mog 
when aldosterone is present in excess: 
¢ The urinary Na'/K* ratio is reduceg 
normal value of 2:1 
¢ The plasma Na’/K’ ratio is increased, the 
ratio being about 30:1. 
These effects are secondary to incr aid, 
reabsorption and K’ excretion in the i, 
caused by aldosterone. Ney 
9. Extracellular fluid (ECF) volume regulation. » 
regulating the amount of Na’ reabsorption, aid Oster 
plays an important role in regulating ECF volume ip 
Increase in reabsorbed Na‘ retains extra water ‘his 
increases ECF volume. 0 
3. Acid-base balance: Excess aldosterone secretion calise 
hypokalemic alkalosis. Mechanism: Excess aldost Prone 
secretion > hypokalemia due to 7 K* secretion dK 
moves from the cell to ECF — in exchange, H- jo, 
enter into the cell increasing intracellular [H*] ~ mo, 
H* ions secreted in distal tubule > metabolic alkalosi, 
Secondly, aldosterone is believed to promote y: 
secretion from intercalated cells in the distal tubule 
and collecting duct via H*-ATPases (see earlier). This 
also contributes to metabolic alkalosis. 


el een cesceeteeteeeeencneemeee . 


—— 


Thus, three important features of adrenogenital 
syndrome are; (1) virilization caused by ad renal 
androgens, (2) cortisol deficiency, and (3) sterility. 

_ This condition is treated by administering cortl 
Cortisol, in addition to rectifying cortisol deficiency, 
inhibits ACTH and CRH secretion by negative feedback. 
Excess adrenal androgen secretion is, thus, inhibited. 
As a result, the masculinizing features slowly disappear. 
Also, the inhibiting effect on pituitary gonadotropin is 
withdrawn leading to restoration of sperm production. 
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Note: 21-hydroxylase deficiency is the most common 
cause of primary amenorrhea and ambiguous genitalia. 


Bf ALDOSTERONE 
Chemistry and biosynthesis—Described earlier. 


Mode of Action of Aldosterone 


Aldosterone is soluble in lipids. Therefore, it easily passes 
through cell membrane and binds with the highly specific 
cytoplasmic receptors. The hormone-receptor complex 
then migrates to the nucleus where it acts on specific 
regions in the DNA and induces gene transcription. 
Specific mRNAs are transcribed causing synthesis of 
specific enzymes and proteins which alter cell function. 


Regulation of Aldosterone Secretion 





eT e-em ime seulige aimee eel: 


Aldosterone stimulates: 1. Adrenocorticotropic hormone: 
a. Synthesis of basolateral Na*-K*-ATPase in principal a. Adrenocorticotropic hormone, on administration, 
(P) cells. causes increased aldosterone secretion from zona 


glomerulosa. However, the effect is short lasting and 
disappears in 1-2 days. 

Also, hypophysectomized subjects show normal 
secretion of aldosterone. So, the overall effect of 


b. Synthesis of epithelial Na* channels in principal cells. 
These proteins are synthesized through gene 
transcription (genomic pathway) and this has a latent b. 
period of at least 20-30 minutes. 


However, there is some evidence that aldosterone 
acts on other proteins in a nongenomic pathway. The H*- 
ATPase in intercalated (I) cell is an example. Aldosterone 
activates it very rapidly and this action is possibly 
mediated through a plasma membrane receptor and 
second messenger pathway. 


Action of Aldosterone 


Note: Site of action of aldosterone in kidney is distal 
convoluted tubules and collecting duct. 


1. Reabsorption of Na‘ and secretion of K*: 

a. Aldosterone facilitates Na* reabsorption from the 
distal] tubule and the cortical collecting duct in 
exchange for K* and H* ions, which are secreted into 
the urine (secretion of K* and H’ ions are inversely 
related). 


ACTH is minor. 

2. Effect of electrolytes: 1 mEq/L increase in plasma K 
concentration or 20 mEq/L decrease in plasma Na 
concentration stimulates the synthesis and release ol 
aldosterone from the zona glomerulosa of the adrenal 
gland by a direct negative feedback action. 

One should note that whereas K* excess directly 
stimulates adrenal cortex to secrete aldosterone, 
Na‘ depletion stimulates aldosterone secretion by 
decreasing plasma volume and acting through the 
renin-angiotensin-aldosterone pathwa\ 

3. Effect of angiotensin II and renin: | 
a. Renin is secreted from the juxtaglomerular cells " 

the afferent arterioles of the kidney, iv response © 

decreased perfusion pressure or sympathetic nev’ 
stimulation, 

b. Renin, in turn, converts circulating an viotensinoge! 
into angiotensin I, which is con\ erted inte 


~- Chapter 67; 
angiotensin Win the endothelial ce 
nary capillaries, 
angiotensin 11 stimulates aldosterone 

~ timulates the steps of aldosterone 
also its release, 

4. The renin-angiotensin-aldosterone axis plays an 
important role in maintaining the BCR Volume by 
negative feedback, as explained here. 

Thus, decreased ECF volume leads to decreased 
renal perfusion pressure and increased sympathetic 
discharge > both increase secretion of renin which 
converts angiotensinogen into angiotensin I+ 
angiotensin I is converted into angiotensin II which 
stimulates secretion of aldosterone > aldosterone 
conserves Na’ ions and excretes K' ions > the ECE 
volume increases back to normal. 


Ils Of the pulmo. 


8ecretlon, If 
biosynthesis and 


jtisfound thatin vitro cortisol stimulates mineralocorticoid 
receptors to a much greater extent than in vivo. This is 
explained by the presence in vivo of an enzyme called 
118-hydroxysteroid dehydrogenase type 2 which converts 
cortisol to cortisone, thus reducing the mineralocorticoid 
effects of cortisol. Deficiency of this enzyme leads to a 
condition called apparent mineralocorticoid excess 
with features similar to hyperaldosteronism due to 
undiminished mineralocorticoid action of cortisol. 
However, plasma aldosterone is low. 


§ CONN’S SYNDROME 


vs 


'™ 


. Itis also called primary hyperaldosteronism. This may 


occur due to a tumor of aldosterone-secreting cell of 
the zona glomerulosa. 


. ls principal features are: 


« Hypernatremia and hypokalemia due to elevated 
aldosterone 

. Hypokalemic alkalosis (see above) 

. Hypertension due to retention of Na* and water 

. Increased ECF volume which diminishes hematocrit 
value 

- Polyuria and polydipsia 

- Absence of edema due to aldosterone escape (see 
below), 


Adrenal ¢ Orteyx 


l, Inthig condition, excess secretion of aldosterone is due 

| (O extra-adrenal Causes, 

é. : oy requently caused by conditions with increase in 
‘Cl’ volume and edema coexisting with low effective 

circulating blood volume, e.g, nephrosis, cirrhosis, 

Congestive cardiac failure. The low effective blood 

volume activates renin-angiotensin-aldosterone axis 

resulting in hyperaldosteronism, 

- The main differentiating features from primary hyper- 


aldosteronism are presence of edema and increased 
renin activity. 


SECONDARY HYPERALDOSTERONISHM 


The genes for aldosterone synthase (synthesizes 
aldosterone) and 11f-hydroxylase (synthesizes cortisol) 
are almost identical and very closely situated. Sometimes, 
due to unequal “crossing over’ a hybrid gene is produced, 
which synthesizes an ACTH-sensitive aldosterone 
synthase. Here, ACTH has a marked stimulatory effect 
on aldosterone secretion as opposed to its usual 
transient action, This leads to hyperaldosteronism 
and hypertension in this condition. However, cortisol 
(glucocorticoid) administration inhibits ACTH and 
remedies the condition. Hence, it is called glucocorticoid- 
remediable aldosteronism. 


Hl ADDISON'S DISEASE 


1. This disease is also known as primary adrenocortical 
insufficiency. There is deficient secretion of adrenal 
cortical hormones including aldosterone and corti- 
sol. 

Primary adrenocortical insufficiency primarily 
involves the adrenal cortex. Involvements of the 
pituitary and the hypothalamus (causing deficiency of 
ACTH and CRH) leading to adrenocortical deficiency 
are known as secondary and tertiary adrenocortical 
insufficiency, respectively. In secondary or tertiary 
adrenocortical insufficiency, only cortisol secretion 
is affected as aldosterone secretion is not affected by 
ACTH/CRH. 

. In this disease, there is destruction of adrenal cortex 


Aldosterone Escape 


the Patients suffering from primary hyperaldosteronism, 
ittially retain Na’, Water is also retained osmotically 
and this increases ECF volume. When increase in 

Ch Volume crosses a certain limit, Na‘ excretion is 
‘tmulated, possibly through rise in secretion of atrial 
“attiuretic peptide (ANP). This keeps Na* concentration 
~ and edema is not seen. This phenomenon is known 
‘8 “aldosterone escape” 


due to: 

a. Tuberculosis 

b. Autoimmune disease 

c. Cancer of the adrenal gland. 


. Clinical features: 


Clinically, Addison's disease is manifested by: 

a. Hyperpigmentation caused by excess secretion of 
ACTH due to absence of negative feedback effect of 
cortisol 
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b. Blectrolyte imbalance with hyponatremlt and 
hyperkalemia 

c. Chronic hypotension 

d. Decrease in cardiac size due to disuse 


e. Hypoglycemia, muscular weakness, and hy 


mia 
{. Inability to tolerate stressful conditions, which may 
disonian 


bring about cardiovascular collapse (Ad 


atrophy 
povole- 


crisis) = 
g, Anorexia, nausea, vomiting, and weight loss may De 
present. 
Addisonian Crisis 


re treated with daily 
d mineralocorticoid 
ss, such as acute 
tof glucocorticoids 


Patients with Addison’s disease a 
supplements of glucocorticoid an 
drugs. But, during periods of stre 


infections, surgery, etc. the requiremen 
increases acutely up to 10 times or even more. If not 


adequately supplemented, the patient shows signs of acute 
adrenocortical deficiency manifested by nausea, vomiting, 
intractable abdominal pain, somnolence, hypovolemic 
vascular collapse, etc. This condition is termed Addisonian 


crisis. 


The corticotrophs of anterior pituitary secrete pro- 
opiomelanocortin, a prohormone which, on breakdown, 
produces f-endorphin, ACTH, and B-lipotropin. 

The ACTH molecule shares the same amino 
acid sequence as that of MSH. That is why ACTH 
hypersecretion, as occurs in Addison’s disease, Causes 
deposition of the pigment melanin in the skin similar 
to the action of MSH. This hyperpigmentation leads 
to darkening of the skin in Addison’s disease where 
secretion of ACTH is high due to negative feedback. 


ndocrine system 





Cushing’s Syndrome (Summary) 
|, Thin skin and hair, underdeveloped muy Io 
, : 
to proteln depletion, proteins being conve 
glucose by gluconeogenesis), 
oad wound healing and bruisability (jj), 
» Delayed y imp, 


collagen synthesis). 
truncal fat deposition, buffalo hump, moon facie, 
i 


1h 
lee I 


purple striae. 
4, Impaired glucose tolerance due to { gluconengene. 
ee aR 


especially from proteins and | peripheral utijizay, 
; i 
of glucose. 


Hypertension due to: 
qa, Saltand water retention (mineralocorticnid off,,, 


b. Permissive effect to catecholamines. 

Effect on bones: Osteoporosis, vertebral collapse, ;,, 

bone fractures 

7. Effect on central nervous system (CNS): Euphori; 
restlessness, insomnia, psychosis, and abnormal ef, 

8. Polycythemia, t neutrophils, 7 platelets, lymphopen), 
eosinopenia, and basopenia. | 


or 


Addison’s Disease (Summary) 


Hyperpigmentation due to | ACTH 
Hyponatremia and hyperkalemia 

Chronic hypotension 

| Heart size 

Hypoglycemia, muscular weakness, and hypovolemia 
Inability to tolerate stress 

Anorexia, nausea, vomiting, and weight loss. 


IVC ema s 


Nausea 

Vomiting 

Intractable abdominal pain 
Somnolence 

Hypovolemic vascular collapse. 


NOMDRWN 


OP eNe 


Adrenal Medulla 
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| INTRODUCTION Thus, it is a portal system supplying the medulla 
with partly deoxygenated blood rich in cortical 
hormones specially cortisol. 
b. There is also a direct arterial blood supply via the 
medullary arteries passing through the cortex. 

6. Synthesis: The synthesis is described in Figure 68.1. 

7. This occurs in the following steps: Phenylalanine > 
Tyrosine > This is converted to DOPA catalyzed by 
tyrosine hydroxylase > DOPA is converted to dopamine 
catalyzed by DOPA decarboxylase > Dopamine 
§-hydroxylase converts dopamine to norepinephrine 
— phenylethanolamine N-methyltransferase (PNMT) 
converts norepinephrine to epinephrine. 


|, Adrenal medulla secretes epinephrine, norepinephrine, 
and dopamine—the catecholamine hormones. 

9, The adrenal medulla is, in effect, a sympathetic ganglion 

where the postganglionic neurons have lost their axons 

and are converted into secretory cells, 

This is supported by the fact that adrenal medulla 
is derived from the same embryonic tissue as the 
sympathetic ganglia. 

Preganglionic sympathetic nerves supply adrenal 

medulla and release acetylcholine which depolarizes 

the chromaffin cells — Ca** influx into the cells > 

exocytosis of catecholamines. 

. Histology: Chromaffin cells in adrenal medulla are of 
two types. 90% of cells are epinephrine-secreting type Bf ACTIONS OF CATECHOLAMINES (TABLE 68.1) 


with larger, less dense granules. The remaining 10% of | 1. Norepinephrine and epinephrine exert their action 


ww 
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cells secrete norepinephrine from smaller, very dense through two types of receptors, a and 8. a-receptors 
granules which only partly fill the vesicles. are of two types, al and a2 whereas B-receptors are of 
9. Arterial supply: Adrenal medulla receives blood in two three types, B1, 82, and B3. 

ways: 2, Action on cardiovascular system: 

‘. The capillary plexus supplying the outer adrenal a. Both norepinephrine and epinephrine increase 
capsule drains into venous sinuses. These again force of myocardial contraction as well as heart rate. 
break into capillaries and supply adrenal medulla. These actions are mediated through 61-receptors. 

OH 
—_—> ——-— > ——_—» 
HC-OH HC-OH 
H6-c00H HC-COOH CH, oH, CH, 
| | 
NH, NH, NH, NH, HN-CH,, 
Tyrosine Dopa Dopamine Norepinephrine Epinephrine 


Fig. 68.1; Synthesis of catecholamines. 
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Total peripheral 
resistance 


Baroreceptor 
stimulation 
Heart rate 


Cardiac output 


and noradrenaline on cardiovas- 
ania humans). 
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| Significantly Increased 
increased 
Increased Decreased 
Increased Almost unchanged 
Significantly Decreased 
increased 
Marked Minimal 
Decreased (reflex Increased (direct 
bradycardia— cardioaccelerator 
dominates effect predominates) 
over direct 
cardioaccelerator 
effect) 
Decreased Increased 


These hormones also enhance myocardial 

excitability which may give rise to arth ias. 
. Norepinephrine constricts blood vessels in almost 
all tissues and thereby increases peripheral 
resistance. Epinephrine, on the other hand, 
has a vasodilator action in skeletal muscle and 
liver, mediated through {2-receptors. Although 
epinephrine has vasoconstrictor effects on other 
organs, it lowers peripheral resistance, on the 
whole. This is consistent with the finding that 
norepinephrine causes a rise in diastolic BP whereas 
epinephrine lowers diastolic BP (Note: Diastolic BP 
varies directly with peripheral resistance). 

When an a-blocker is injected before the injection 

of epinephrine, the rise of BP usually caused by 
epinephrine will be replaced by a dramatic fall or 
reversal (one should note that epinephrine normally 
causes a slight increase in mean BP although it 
lowers diastolic BP). This is known as vasomotor 
reversal of Dale. Itis due to elimination of a-mediated 
vasoconstriction while i2-mediated vasodilation 
persists. This result in decreased peripheral 
resistance and fall in BP (see also page 221). 
. Slow infusion of norepinephrine causes a rise in 
both systolic and diastolic BP. The rise in mean BP 
stimulates carotid and aortic baroreceptors and 
reflexly reduces heart rate and cardiac output. 

This fall in heart rate predominates over the direct 
positive chronotropic effect of norepinephrine on 


heart. 


3. Both epinephrine and norepinephrine improye 


. On fat metabolism: Epinephrine stimulates h 
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In contrast, epinephrine causes an inc, 
4 "Ge 


ressure (as it lowers diastolic BP) pn 
Ut 4) 


pulse p 
mean BP is only slightly increased. §o, j, th, 
effects on heart rate mediated through batons ref, 
stimulation are not strong enough to te te 
direct cardioacceleratory action on the Be C55 in 


As a result, epinephrine causes tachycardj, 


increased cardiac output. With 


i al 
ness. Howevel, epinephrine may cause anxiety ie im 
[ 


_ Action on smooth muscles: 


On eye: Epinephrine dilates pupils and ret, 
eyelid through contraction of Miiller’s muscle Cts 
b. On bronchial muscle: Epinephrine acts as brong, 
dilator by relaxing bronchial smooth muscle. * 
On gastrointestinal tract: Epinephrine relay. 
intestinal muscles but the sphincters are contracteq 
d. On bladder: The detrusor is relaxed but the intern 
urethral sphincter is contracted by epinephrine 
On uterus: In vivo, epinephrine inhibits uterin, 
contractions in advanced pregnancy and labo, 
whereas norepinephrine stimulates contractions 
Some of the above effects are mediated through 
§2-receptors while others are mediated through al. 


receptors. 


da. 


_ On carbohydrate metabolism: 


a. Epinephrine stimulates glycogenolysis in liver and 
muscle by activating glycogen phosphorylase and 
inhibiting glycogen synthetase. As a result, glycogen 
is broken down to glucose-6-phosphate. 

Glucose-6-phosphatase, present in liver, liberates 
glucose from glucose-6-phosphate and as a result 
blood glucose is elevated. However, glucose-6- 
phosphatase is absent in muscle. So, glycogenolysis 
in muscle stimulated by epinephrine cannol 
produce glucose directly. 

Instead, glucose-6-phosphate Is converted (0 
lactate or pyruvate. This lactate is transported to the 
liver via blood. There it is converted into glucose. 

b. Epinephrine inhibits insulin which suppresses 
glycogenolysis but it stimulates olucagon whic 
stimulates glycogenolysis. The net effect is a! 
increased glycogenolysis. 

c. Epinephrine stimulates hepatic ne 
by forming glucose from lactate, amino 4 
glycerol. 


oglucogents* 
cids, a 
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lipolysis: Thus 


sensitive lipase and thereby promotes acne 
e UssUe 


it mobilizes free fatty acids (FFAs) from adipos® the 
These then undergo B-oxidation in (he liver with 
formation of ketone bodies. 
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th ese keto acids may serve as nutrient in the heart 


Kidney, resting skeletal muscle and the brain (during " EFFECTS OF DOPAMINE 


starvation). 
: Catecholamines cause both an early and late rise in 
~ pasal metabolic rate (BMR). The late rise ig dependent 
on liver but the early rise is not so. | 
g. On administration of catecholamines, the [K* 


] rises 
‘nitially but later on shows a sustained fall. 
1 d 


eochromocytomaisa tumor ofadrenal medulla, usually 
Phet in nature. It causes hypersecretion of adrenal 
ete cells leading to elevated levels of epinephrine 
entero As a result, cardiac output increases 
an mpanied by peripheral vasoconstriction. 
= these effects lead to hypertension which, in 
has adverse effects on the heart as well as on the 
or Treatment constitutes administration of «- and 
8b ockers and may require surgical removal of the tumor, 


—____ Chapter 6a; Adrenal Medulla 


l. Dopamine causes dilation of blood vessels in the kidney 


and the mesentery but it constricts blood vessels in 
other places, 


2. It increases the force of cardiac contraction by acting 


on B1-receptors, 

Thus, the overall effect of dopamine is a rise in systolic 
BP while the diastolic BP remains unaltered. 

These actions of dopamine make it a useful thera- 


peutic agent in the management of cardiogenic and 
traumatic shock. 


3. Dopamine promotes excretion of Na’ through urine by 


inhibiting the action of Na*-K*-ATPase. 

Dopamine phosphorylates Na*-K*-ATPase se 
resulting in their inhibition. Thus, absorption of Na 
ion from the lumen of renal tubules is decreased and 
this promotes Nat excretion. 
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B INTRODUCTION 


A. The three hormones—(1) Parathyroid hormone, 
(2) 1,25-dihydroxyvitamin D3 [1,25(OH),D,], and 
(3) calcitonin are concerned with regulation of calcium 
metabolism. 

But first, let us review the functions of calcium in the 

body. These are: 

1. Hemostasis: Ca* ions are essential in a number of 
reactions in the clotting process. 

2. Entry of Ca*t through Ca**-channels is involved in 
action potential in some excitable tissues like heart 
muscle. 

3. Calcium is necessary for excitation-contraction 
coupling in muscle contraction. 

4, Ca** plays an active role in the release of neurotrans- 
mitters. 

5. Calcium is essential for the secretion of hormones. 
It also acts as a second messenger. 

6. Calcium is an important constituent of milk, bone, 
and teeth. 

B. a. Plasma calcium level is 9-11 mg/dL. 

b. It is present in: 
¢ Jonized or free form—45% 
¢ Complexed with anions—10% 
¢ Bound with proteins—45%, 

c, Parathyroid hormones, calcitonin, and 1,25 (OH),D, 
regulate the ionized Ca‘*-concentration in the 
serum. 


§ BONE PHYSIOLOGY 


1. There are two types of bone in our body: 
a. Compact bone which forms the outer layer of 
majority of bones. 80% of all bones are made of 
compact bone. 


The Calcium-related Hormone, 


. There are three types of bone cells: 
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b. The remaining 20% are formed by spongy bones ais 
called trabecular bones. These are made of smal 
plates of bone with a comparatively large Surface 
area and high degree of metabolic activity, 

c. The compact bones receive their nutritiong 
requirement through blood vessels located j, 
Haversian canals. Concentric layers of collagen are 
present around the Haversian canals. These are the 
Haversian systems. 


. Bone is formed by two main elements: 


a. Collagen filling up the matrix 
b. Bone crystals composed of hydroxyapatite which 
has the formula Ca, (PO,),(OH),,. 


. The collagen fibers are mainly composed of type! 


collagen which contains three polypeptide molecules 
wound tightly around one another, forming a triple 
helix. These fibers have high tensile strength accounting 
for the hard, rigid structure of the bone. 


. Functions of bone: 


a. Due to its high calcium content, bone, along with 
calcium-regulating hormones, play a vital role in 
calcium homeostasis. 

b. The rigidity of bone protects the underlying vital 
structures of the body. At the same time, this helps 
in movement as well as lifting loads. 


cells located 
collage! 


a. Osteoblasts: These are bone-formilg 
on the surface of bone. ‘They synthesize 
other proteins, and alkaline phosphatase. | 

b. Osteocytes: These are derived fiom osteobit 
They are buried within the bore mall " 
extensive canalicular system exists within the + 
connecting the osteocytes lying internally with 
osteoblasts lying at the surface. 
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| osteoclasts: These are multinucleated Cells derived 
C fom monocytes with plenty of lysosomes. The ' 
chiefly responsible for bone resorption. = 
In this process (of bone resorption), an osteoclas 
ts attached to the site of bone resorption in aa 
5 way that a pocket is formed between it and the 
underlying bone. H’ ions are secreted into this 
space by H*-ATPases, which lower the local PH. This 
helps in dissolving hydroxyapatite. Concomitantly 
another enzyme called acid protease, destroys 
collagen. The bone surface, due to these erosive 
processes, becomes depressed locally. 
although some knowledge has been gained about the 
process of bone resorption, bone growth or the process 
oflaying down new boneis far from clear. Itis postulated 
that calcium and phosphate in high concentrations are 
heldin solution by pyrophosphate. This Pyrophosphate 
helps in stabilizing the solution. Alkaline phosphatase 
secreted from osteoblasts breaks down Pyrophosphate. 
This leads to destabilization of the solution as well as 
increase in local concentration of phosphate. Both 
of these act as factors in the precipitation of calcium 
phosphate which is an essential step in bone formation. 


_ The processes of bone resorption and bone growth 


are taking place continuously throughout the skeletal 
system to protect it from daily wear and tear. This is 
known as bone remodeling. The cells locally involved 
in bone remodeling in a small area constitute a bone 
modeling unit. 


é. Inyoung children, the long bones contain a central shaft 


| 


connected with two small areas at the two ends called 
epiphyses. Each epiphysis is separated from the shaft by 
a ate of growing cartilage called epiphyseal cartilage. 

he bone grows as the epiphyseal cartilage adds 
new bone to the shaft. Bone growth ceases when the 
€p physis fuses with the shaft at a certain age. This is 
ca.ed epiphyseal closure. 

-piphyseal closure occurs in a specific time-related 
*equence. Knowledge of this temporal sequence helps 
: determination of age in young individuals through 
Clays, 


T PARATHYROID HORMONE 


‘In humans, four parathyroid glands are present 
embedded in the superior and inferior poles of the 
thyroid gland. 


The Calcium-related Hormones 


Fach gland consists of two types of cells—(a) chief cells 
3 2nd (b) oxyphil cells (Fig. 69.1). | 


Olgi apparatus, and secretory granules secrete 
“wormone (PTH). 
Action of Oxyphil cells is not well known. 





Chief cells with prominent endoplasmic reticulum, | 


en 





Fig. 69.1: Histology of parathyroid gland. 


4. a. Human PTH is a linear polypeptide with 84 amino 
acids and molecular weight of 9,500 kDa. 

b. It is synthesized from a precursor called prepro- 
PTH containing 115 amino acids. 

c. On entry into endoplasmic reticulum, a 25-amino 
acid leader sequence is removed. This gives rise to 
the formation of pro-PTH which contains 90 amino 
acids. 

d. Subsequently, six more amino acids are removed 
and PTH is produced. 


Mechanism of Action 


Parathormone acts by binding to a receptor present on 
the cell membrane. There are three types of receptors. 
Two of them activate adenylyl cyclase by stimulating 
a G-protein and elevate intracellular cyclic adenosine 
monophosphate (cAMP). The third receptor acts through 
the phosphoinositol pathway. 


Actions of Parathormone 


1. Parathormone causes an increase in plasma calcium by 
its action on the three major target organs—(1) bone, 
(2) gut, and (3) kidney. Rise of calcium concentration 
takes place as a result of its effect on all the three organs. 

2. Concentration of phosphate in blood also tends 
to increase due to the action of PTH on bone and 
gastrointestinal tract. However, the phosphaturic action 
of kidney overwhelms this and plasma phosphate 
concentration falls. 

3. Action on bones: 

a. Parathormone mobilizes calcium from bone by two 
processes: 

i. In the initial phase, calcium is rapidly mobilized. 
Stimulated by PTH, calcium ions are transported 
from the canalicular fluid inside the bone into 
osteocytes and then from these osteocytes into 
the extracellular fluid (ECF). 
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The depleted calcium in the canalicular fluid 
is restored by transfer of calcium from the inner 
surface of mineralized bone. 

|. This is followed next bya slower phase of calcium 
mobilization (over days to weeks) brought about 
by osteoclastic resorption of bone. 

In this process, matrix is dissolved. Both 
calcium and phosphorus are mobilized as a 
result of enhanced activity of osteoclasts. 

b. Although PTH stimulates osteoclastic activity, the 
osteoclasts, themselves, have no PTH receptors. 
The osteoclastic bone resorption caused by PTH 
is mediated by osteoblasts and preosteoblasts, 
which contain PTH receptors. These cells act 
as intermediaries with their products exerting 
paracrine effect on osteoclasts. 


— 
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When PTH binds to its receptors in osteoblasts, they 
secrete macrophage colony-stimulating factor (m-CSF). 
At the same time, they also express receptor activator of 
nuclear factor kappa-B ligand (RANKL) on their surface. 
m-CSF binds with receptors on osteoclast precursors 
whereas RANKL binds with RANK present in osteoclasts. 
Activation by these two factors causes differentiation and 
activation of osteoclasts from their precursors (Fig. 69.2). 

Another substance called osteoprotegerin (OPG) 
inhibits activation of osteoclasts by competing with RANK 
of osteoclasts for binding with RANKL in osteoblasts. 

Genetic mutation causing loss of RANKL leads to 
defect in osteoclastic function resulting in osteopetrosis 
(increased bone density). On the other hand, genetic 
mutation causing loss of OPG leads to osteoporosis due 
to increased osteoclastic activity. 

Glucocorticoids stimulate production of RANKL but 
decrease production of OPG. Both these effects cause 
stimulation of osteoclastic activity and this partly explains 
how excess glucocorticoids can cause osteoporosis. 


c. Given in low intermittent doses, PTH activates 
osteoblasts, stimulates bone formation, causes an 
increase in bone density, and prevents fracture. 
But prolonged rise in PTH level favors osteoclastic 
activity and reduces bone density. 

4. Action on gastrointestinal (GI) tract: PTH stimulates the 
enzyme la-hydroxylase which helps in the formation 
of calcitrio]. Calcitriol, in turn, increases absorption of 
Ca* and P from GI tract. 


5. Action on kidney: 
a. Parathormone increases reabsorption of Ca* by the 


distal nephron. However, in hyperparathyroidism, 
due to the increased plasma calcium level, the total 
amount of filtered calcium may overwhelm renal 








. Increased plasma phosphate inhibits 1a-hy 


. Decreased magnesium occasionally ‘¢ 


. One important metabolic complicavie! ° 
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Fig. 69.2: Action of PTH on bone. 


(m-CSF: macrophage colony-stimulating factor; PTH: parathormon. 


reabsorbing capacity. Hence, a hypercalciur; .. 
observed after the initial hypocalciuria. | 

b. Parathormone inhibits reabsorption of phosphate 
in the proximal tubules. This phosphaturic actio, 
leads to diminished plasma phosphates. 


Regulation of Secretion of Parathormone 
1. Circulating Ca** level regulates PTH in a negative feec- 


back action, acting through a Ca* receptor in parathy- 
roid tissue. The receptor is coupled to a G-protein win 
inositol 1,4,5-trisphosphate (IP,) and diacylglycers: 
(DAG) acting as second messengers. 


. 1,25-dihydroxyvitamin D3 has a direct effect on 


parathyroid glands, which decreases the synthes!s af 


prepro-PTH messenger ribonucleic acid (mRNA). 
droxylasé 


ers Ca” 


and thereby 1,25(OH),D, synthesis. [his low : 
- Thus 


absorption from gut producing low plasma Ca’ 
it stimulates secretion of PTH. - 
sults in dimur 


ished secretion of PTH, leading to hy pocalcemia. 
: : ‘ “1 cor [}. 
is because Mg** is required for parat!) roid secreue 


Mf] PARATHORMONE-RELATED PROTEIN (P| "tr? 
1. PTHrP or PTH-related protein is a |< 


ycally acting ussut 
» with PTH: a 
g snuraucermne \ 
f maligna 
is hypercalcemia. In 80% cases, this hype realcet™ 
associated with a rise in PTHrP. Hypercalcerae 
remaining 20% probably results from bony 


caused by prostaglandins. 


hormone. It has structural similar! 
actions on growth of cartilage durin 
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‘TRiOL OR 1,25-DIHYDROXYVITAMIN 0 


5 often questioned whether 1,25(OH).D_ jg 

e or not? If we follow the mode of action i 

!25{0H),D,- we wll find ample justification in suppor 

of this vitamin being classified as a hormone. 

Vode of action: Like steroid hormones, 1,25(OH),D 

enters into cells, combines with intracellular receptors 

o form hormone-receptor complex. This complex 

chen stimulates transcription of target DNA molecules 

-o synthesize mRNAs. These mRNAs cause increased 

_nthesis of proteins like calbindins. 

” Vitamin D is a group of steroid compounds pro- 

guced by the action of ultraviolet rays from precursor 

substances. Steroid groups in vitamin D are called “sec- 
asteroids” because in these steroids, one ring (usually 
ring “B”) is opened up. 

Also note that vitamin D is a prohormone. Calcitriol 
or 1,25(OH),D, is the active hydroxylated form of 
<tamin D. Vitamin D must be hydroxylated at 1 and 25 
positions to become the active hormone (calcitriol)]. 
Synthesis: 

2. The ultraviolet rays in sunlight rapidly convert 7-de- 
hydrocholesterol present in the skin to previtamin 
D.. Previtamin D, is then slowly converted into 
vitamin D, or cholecalciferol. This reaction also 
takes place in the skin. 

b. Vitamin D, is next transported from the skin to 
the liver via blood. In the liver, the enzyme 25-hy- 
droxylase converts vitamin D, (cholecalciferol) into 
25-hydroxycholecalciferol. 

_ 25-hydroxycholecalciferol is converted to the 
active hormone 1,25(OH),D, by hydroxylation 
in the 1-position. This is catalyzed by the enzyme 
\a-hydroxylase. This reaction takes place in the 
>roximal tubular cells of the kidney. 

ATOMS: 

On GI tract: 1,25(OH),D, increases the synthesis of 

albindin proteins and epithelial calcium transport- 
rs. There are two types of calbindins—(1) Calbin- 
din 9K and calbindin 28K. These proteins help in 

Ca” absorption from the gut in the following way: 
Calcium is transported from the intestinal lumen 

into the epithelial cells through epithelial calcium 

transporters known as transient receptor potential 

V6 (TRPV6) present in the luminal cell membrane. 

Inside the epithelial cells, Ca’ is bound to calbindins 

and carried to the basolateral membrane where It 

is extruded into the interstitium by a Ca"-ATPase 

Pump and Na’-Ca** exchanger. 

On bone: The effects of 1,25(OH),D, 9” bon 

complex. While 1,25(OH),D, stimulates osteoc 
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The Calcium-related Hormones 


bone resorption, it also promotes bone mineraliza- 
tion with the help of the elevated Ca*’ concentration 
which is a result of increased Ca’ absorption from 
the gut and kidneys. 

It appears that the effect of 1,25(OH),D, on bone 
mineralization normally overrides its effect on bone 
resorption. So, 1,25(OH),D, is an essential factor for 
the normal mineralization of newly formed osteoid. 

c. On kidney: 1,25(OH),D, helps in absorption of 
calcium from renal tubules via TRPV5 channels in 
contrast to TRPV6 in the gut. 

d. 1,25-dihydroxyvitamin D, helps in the differentiation 
of immune cells. In deficiency of vitamin D, there is 
a Significantly increased number of infections. 

e. 1,25-dihydroxyvitamin D, is synthesized by kerati- 
nocytes in skin. It shows promise in the treatment 
of psoriasis. 


Regulation of Synthesis of 1,25-dihydroxyvitamin D, 


d. 


b. 


1. 


Parathormone augments synthesis of 1,25(OH),D, by 
stimulating 1a-hydroxylase. 

Plasma calcium level regulates synthesis of 1,25(OH),D, 
by its effect on PTH. Thus, low plasma Ca* stimulates 
PTH and thereby stimulates synthesis of 1,25(OH),D,, 
high plasma Ca* has the opposite effect. 


. Plasma phosphate has a direct inhibitory effect on 


la-hydroxylase. So, high plasma phosphate inhibits 
la-hydroxylase and thereby 1,25(OH),D, synthesis. Low 
plasma phosphate has the opposite effect. 


Bf CALCITONIN 


Source: This is derived from parafollicular cells, also 
known as C-cells of thyroid gland. These cells are the 
equivalent of ultimobranchial bodies of submammalian 


vertebrates. 


_ Structure: 


a. It consists of 32 amino acids and has a molecular 
weight of 3,500 kDa. 

b. Much of the mRNA produced from calcitonin gene 
is converted to produce calcitonin gene-related 
polypeptide (CGRP). 

c. Salmon calcitonin is 20 times more active. 


_ Regulation of secretion: Its secretion is increased 


by a calcium level more than 9.5 mg/dL, gastrin, 
cholecystokinin (CCK), glucagon, secretin, f-adrenergic 
agents, dopamine, estrogens, etc. 


4. Actions: 


4. Calcitonin lowers plasma calcium and phosphate 
levels by inhibiting osteoclastic bone resorption. 

Although osteoclast has no receptors for PTH, 

it does have receptors for calcitonin. Calcitonin 
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Section 9 [1 
promptly inhibits bone resorpuon by osteoclasts ly 
acting on calcitonin receptors on osteoclasts. 

Due to this action, calcitonin is used (herap 
tically in treating Paget's disease, This disease 
caused by accelerated bone-resorbing activity by 
aberrant osteoclasts which, however, retaln calcito- 
nin receptors. 

_ Calcitonin increases calcium excretion in urine, 

c. Increased secretion of calcitonin in young 
individuals may play a role in bone growth. 

. It protects mothers from calcium loss from bones in 
pregnancy. 

_ It prevents hypercalcemia following meals. 

In spite of these effects, the overall physiological 
importance of calcitonin is negligible. Very little 
clinical effect, if any, is seen due to hyper- oF 
hyposecretion of calcitonin (Table 69.1). 


eu 
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§ APPLIED 


1. Secretion of PTH is stopped following accidental 
removal of parathyroid glands during thyroidectomy. 
This result in diminished Ca** level and tetany (see 
below). 

. Pseudohypoparathyroidism is a condition in which PTH 
level in blood is normal but there are clinical features 
of decreased PTH function. This occurs as a result of 
defect at receptor or postreceptor level. 

. Hyperfunction of parathyroid gland in primary hyper- 
parathyroidism results from parathyroid adenomas. 
The clinical features include: 

a. Rise in serum Ca** level 
b. Increased Ca** excretion in urine may lead to 
formation of stones in urinary tract 

_ Increased bone resorption may lead to bone cyst 

formation which is seen in X-rays 

Increased Ca** level may lead to depressed neural 

activity and drowsiness. 

4. Secondary hyperparathyroidism occurs secondary 

to persistently low Ca* level caused by chronic 


d. 








Table 69.1: Effects of various calcium (Ca)-related hormones. 
id Pe: \Effectonbone 
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Parathormone Initial rapid mobilization of Ca** from bone canalicular 


: 
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(PTH) fluid followed by slower Ca** mobilization by 
osteoclastic resorption; low intermittent doses of PTH 
stimulates bone formation 

Calcitriol +Bone resorption by osteoclasts; | bone mineralization 
Required for mineralization of newly formed osteoid 

Calcitonin Lowers plasma Ca** by inhibiting osteoclastic bone 


reabsorption 
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ronal disease or rickets [In chronic renal q\., 
te hydroxylase ia decreased, This cages Leta : 
level caused by deficient calcitriol formation.” 
persistently low Ca’ level stimulates PTH gerrey 
negative feedback (see earlier), 
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@ TETANY 


|. It can be defined as 4 clinical condition characte, 7 
by increased neuromuscular excitability caused}. 
(Ca‘'| in blood. __ 

_ Causes: 

a. Hypoparathyroidism (as in accidental surgi.) ,, 
moval of parathyroid glands during thyroidect,,,.. 
Alkalosis: In hyperventilation, CO, is washeq o 
from blood leading to alkalosis. In this alkaler 
condition, part of ionized calcium forms co mplexe 
with plasma proteins. This results in diminishe- 
concentration of ionized Ca” in blood. - 
This may lead to tetany. 

Rickets and renal diseases may be associated w:+, 

tetany due to low calcium level. 7 

3. At first thought, it would appear that a diminished c,~ 

level may depress neuromuscular excitability by: 
a. Decreasing neuromuscular transmission 
b. Decreased muscle contraction. 

But, in reality, the decreased Ca™ level exer; 
a powerful stimulant action on neuromuscular 
excitability to the extent that even a minor stimulus 
may lead to convulsion (see page 42 for explanation 


b. 


C. 


Clinical Features 


1, Generalized convulsions may occur in children which 
may be fatal. 
Trousseau’s sign (Fig. 69.3): It is characterized by 
carpopedal spasm which may be induced by inflanng 
a cuff around the arm. 

The carpal spasm, also known as accoucheur s hand 
is so called because it simulates an obstetrician s hand 
delivering a baby. In this, there is flexion at the elbow. 


Z. 






-Effectonkidney Effect on gut 
TCa** TCa** reabsorption F(Ca" 
reabsorption —_ from gut by stimulating 
from distal la-hydroxylase and 
nephron synthesis of calcitriol 
TAbsorption of Absorption of Ca** Ca 
Ca** fromrenal from gut via calbindins 
tubules 
TCa*t excretion - LiCa 








Fig. 69.3: Trousseau’s sign in tetany. 


wrist, and metacarpophalangeal joint with extension 
at the interphalangeal joints. 

The pedal spasm is marked by extension of the knee 
with plantar flexion at both ankles. 

3, Laryngismus stridulus: During an attack of tetany, 
the laryngeal muscles may go into spasm, producing 
stridor. It is marked by a crowing sound. 

4. Chvostek’s sign: When the facial nerve is tapped over 
the ramus of the mandible, the facial muscles go into 
spasm. 

5, Erb’s sign: On galvanic stimulation, excitability of motor 
nerve is found to be markedly increased. 

6. Peroneal sign: Tapping of peroneal nerve over the neck 
of fibula will lead to plantar flexion and adduction of 
foot. 

7, Electrocardiogram (ECG) shows prolonged QT interval 
die to hypocalcemia. 


Trea’ at 


|. Administration of calcium gluconate by intrave 
injection 
2. According to the etiology. 
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Brickers 


l. Rickets and osteomalacia are two related di 
They are characterized by deficiency of vil 
leading to decreased deposition of calcium in bone. 
2. Rickets is a disease affecting young children. In this 
condition, the bones are soft due to deficient deposivon 
of calcium. So, the bones are bent by body weight. This 
's how the typical manifestations of knock-knee an 
bow-leg are caused (Fig. 69.4). 

| Pe epiphyseal growth plate is wi 
i process of degeneration 0 
d owed by growth of blood vesse 

es not take place. 
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Fig. 69.4: Bow-leg deformity in rickets. 


In addition to the widened, irregular cartilaginous zone, 
the bone matrix is not adequately calcified. 

4, The product of serum calcium and serum phosphorus 
is much below the normal value of 60. 

5. The clinical features of rickets include frontal bossing, 
craniotabes, delayed closure of anterior fontanelle, 
prominent costochondral junctions called rickety 
rosary, Harrison’s sulcus (the depressed portions of 
the ribs caused by the attachment of diaphragm), and 
bowing of long bones (knock-knee, bow-legs, etc.). 


Different Causes of Rickets 


1, The etiology of vitamin D deficiency rickets is: 
a. Dietary deficiency of vitamin D 
b. Inadequate exposure to sunlight which can produce 
vitamin D from its precursors. 

- However, rickets can also be caused by other factors 
such as chronic renal failure. In this disease, the enzyme 
1a.-hydroxylase which is present in healthy kidney, is 
deficient. So, synthesis of 1,25(0OH),D, is hampered. 


This results in rickets. 
- Defect in vitamin D receptor results in another type of 


ros 
ae 


rickets. 

In both of these last two types, rickets occurs in spite 
of presence of vitamin D in normal amounts. So, these 
are called vitamin D-resistant rickets. 

4. Very low level of plasma phosphate arising due to 
genetic mutation is responsible for another variety of 


rickets. 


: OSTEOMALACIA 
1. This disease is also caused by vitamin D deficiency. 
However, it is almost totally confined to adult women 
particularly during pregnancy or lactation. 
9. Muslim women who observe the purdah are particularly 
at risk as they do not get adequate sunlight. 
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3. Clinical features include bone pain, pathological 3, In this condition, fracture of bone js very ¢, 
fractures, and deformity of pelvic bones which may ‘The common sites affected are distal forearm, ' 
require cesarean section to deliver the baby. fracture), hip, and vertebrae. ‘Me 

4. The increased demand of calcium during pregnancy | 4. Spongy bones are mostly involved because ,, 
and lactation precipitates the symptoms. This is metabolic rate. 
why pregnant and lactating women are particularly | 9. Postmenopausal women are particular| 
vulnerable to the disease. because of estrogen deficiency. Estroge 
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tation in low doses may be of value, This sk me 
camel wiaiet, aha gees 
We have seen that estrogen prevents osteoporosis which rosis in addition to its cardioprotective action 
is common after menopause when estrogen levels are However, long-term estrogen therapy may ine 
reduced. However, if estrogen is administered following the chances of breast cancer or endometria| ae 
menopause to prevent osteoporosis, chances of breast the pros and cons of estrogen administratigy F. 4 
and uterine carcinoma are increased. be carefully considered. SERMs (see Box) are i 


SO, a group of drugs called selective estrogen alternatives. 
receptor modulators (SERMs) have been introduced. 
They prevent osteoporosis but do not cause breast or Estrogen prevents ostecpaeeals by its inhibitory effec: 
uterine carcinoma. Tamoxifen and raloxifene are two | ©” osteoclasts which cause bone resorption. 7hj, 
such drugs. Tamoxifen does not cause carcinoma breast inhibitory effect is exerted as estrogen inhibits th, 
whereas raloxifene does not cause uterine and breast | cytokines interleukin-1 (IL-1), IL-6, and tumor necro¢i 


carcinoma. factor-a. (TNF-a) which promote growth of osteoclasts 
In addition, estrogen stimulates TGF-B which facilitates 
§ OSTEOPOROSIS apoptosis of osteoclasts. 


1. This is characterized by loss of bone matrix associated | 6. Adequate amount of calcium in diet and exercise ar 
with loss of mineralization. also useful in the treatment of osteoporosis to some 
2. Itis common in old age when it is known as involutional extent. 
osteoporosis. Women are more susceptible to this | 7. Prolonged disuse of bones as in bed rest after an 
condition. operation may enhance osteoporosis. 
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i INSULIN 


1, Insulinis secreted from the B-cells ofislets of Langerhans 
of the pancreas. The islets of Langerhans constitute 
the endocrine portion of the pancreas and consist of 
four types of cells, A, B, D, and F. A, B, and D cells are 
also known as alpha (a), beta (8), and delta (8) cells, 
respectively (Fig. 70.1). 

2, A cells secrete glucagon, B cells (B-cells) secrete 
insulin, D cells secrete somatostatin, and F cells secrete 
pancreatic polypeptide. B cells constitute 70%, A cells 
constitute 20%, and D cells constitute 5% of all islet cells. 
F cells are very few in number. 

3. In the pancreatic islets, B-cells forms the central Fig. 70.1: Histology of islets of Langerhans. 
portion, A (a) cells are located peripherally while 
D cells are present in between a and f cells. The sparse 
F cells are scattered among a cells. This arrangement is 
suitable for paracrine effect of the hormones. 

4. Insulin and glucagon mainly regulate carbohydrate 
metabolism. Somatostatin inhibits insulin and 
g:.cagon secretion by its paracrine effect. Pancreatic 
polypeptide has no known function. 


Alpha (a) cells 


Beta (8) cells 


Delta (5) cells 





Leader sequence 


Preproinsulin 


C-peptide bound 
to proinsulin 


Chem ry and Synthesis (Fig. 70.2) 
I. Insulin is a polypeptide hormone containing 51 amino 
acids, It has two chains A and B. 
2. Chain A has 21 amino acids and chain B has 30 amino 
acids, A and B chains are linked by two disulfide bridges 


Proinsulin 





while there is an intrachain disulfide bridge in A chain. _., _—— C-peptide 
3. Insulin is synthesized from a larger precursor molecule g-s. 
Preproinsulin. A leader sequence is removed from a ee A-Chain 
tand then the remaining molecule is folded with t =~ B-Chain 
disulfide bridge formation to form proinsulin. wn Insulin 
: “Peptide segment known as C-pep tide is then aleaver Fig. 70.2: Chemistry and synthesis of insulin. 


off to produce insulin. 
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-S-S- > Insulin receptor 


PI3K” 
MAP kinase 
pathway 
rah 
Transcription 
GLUT factors acting on 
the nucleus 


= Insulin receptor substrate 
= Phosphatidylinositol-3 kinase 


PKB = Protein kinase B 


GPr 


= Small G protein 


GLUT = Glucose transporters 
MAP. = Mitogen-activated protein 


Fig. 70.3: Mechanism of action of insulin. 


Mechanism of Action (Fig. 70.3) 


1. 


Insulin acts via plasma membrane receptors which are 
glycoprotein in nature. The receptors contain 2a- and 
28-subunits linked by disulfide bonds. 


_a-subunits are extracellular and bind with insulin. 


6-subunits span the membrane and their intracellular 
portion has tyrosine kinase activity. 


_ When insulin binds with the receptor, conformational 


changes occurs leading to autophosphorylation of 
the receptor with cross-phosphorylation of tyrosine 
residues of B-subunits. The phosphorylated tyrosine 
residues of the insulin receptor act as docking 
(connecting) sites of other proteins notably the insulin 
receptor substrate (IRS) protein. 


. These IRS proteins are, in turn, phosphorylated at 


tyrosine residues and they dock with other proteins 
to form complex signaling sequences. The protein 
phosphatidylinositol-3 kinase (P13 kinase) is one such 
protein attached to IRS protein. 


. Phosphatidylinositol-3 kinase, upon activation, 


migrates to cell membrane and produces protein 
kinase B (PKB) by phosphorylation. This PKB- 
dependent pathway is responsible for the actions 
of insulin on glucose metabolism. PKB and a small 
G-protein help in the insertion of glucose transporter 


ndocrine system ates 


type 4 (GLUTA) In the cell membrane ty 4, 
‘ Nits 


glucose uptake. 
g. Insulin receptor substrate proteins also acy, ; 


mitogen-activated protein (MAP) kinase is 
(involving proteins Grb2, Ras, etc.) which ieee 
signals to the nucleus via transcription lactis 
pathway mediates the effects of insulin on grey. I 


i 


Amylin is a gastrointestinal (GI) hormone secreted f 
the B-cells of pancreas along with insulin. This hewn 
supplements the glucose-lowering action of ingyj, . 
three ways: in 

q. It induces a feeling of satiety and limit food intake 

b. It delays gastric emptying. Thus, digestio, on 

absorption of carbohydrates following a meaj causing 
a rapid surge in blood glucose is prevented. 

c. It inhibits secretion of glucagon which raises biog, 

glucose. 

In general, amylin lowers blood glucose level through js 
actions before absorption of glucose into blood wheres. 
the actions of insulin on blood glucose starts ajier eng; 
of glucose into blood. 


Actions of Insulin 
Insulin has important actions on metabolism and gow 
(Table 70.1). Its actions are as follows: 


A. Carbohydrate metabolism: 

1. Insulin facilitates entry of glucose into muscle ang 
adipose tissue by stimulating activity of GLUT: 
transporters. 

2. Entry of glucose into the liver cells is mediated 
through GLUT2 which is insulin-independent 
Entry of glucose into liver cells depends on 
transmembrane concentration gradient of glucose 
Insulin facilitates entry of glucose into liver cels 
by stimulating the enzyme glucokinase, It lowers 
intracellular glucose concentration and increases 
transmembrane gradient of glucose. 

3. Glucose uptake is also helped by free fatty acid 
(FFA) lowering effect of insulin. This is know 4s 
Randle effect. 

4. Insulin stimulates glycogen synthase 
tates glycogenesis. It inhibits glycogen ph 
lase responsible for glycogenolysis. 

5. Insulin prevents gluconeogenes!s 
(a) pyruvate carboxylase, (b) phosphoe! 
carboxykinase, (c) fructose 1,6 diphosphatase, an 
(d) glucose-6-phosphatase, which are key enzyins 
of gluconeogenetic pathway. 

6. Insulin stimulates glycolysis by act' ating ph 
fructokinase and pyruvate kinase. 
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® sHepatic atuccive output {Amino acid a 
GH ¢ |Glucose uptake by peripheral tissue protein Pale enhanced _Lipolytic; mobilizes FFA from adipose 
e tGluconeogenesis ynthesis tissues; ketogenic 
of carbohydrat 
‘ yoxine ; | ne ohydrate from gut * Stimulates growth in small Lowers blood cholesterol level (by 
e tGluconeogenesis P ies J increasing LDL receptors in liver) 
e {Glucose utilization by tissues breakdowe ee 


e {Glycogenesis in liver and skeletal muscle 
Cortisol e tNeoglucogenesis 


Breaks down proteins into 


Weakly lipolytic; redistributes fat with 


amino aci j ; 
e {Peripheral utilization of glucose Cids which undergo centr ipetal deposition 


e tAbsorption of glucose from gut; net effect— 
tblood sugar level. 


Causes hypoglycemia by: 

a. Facilitating entry of glucose into muscle and 
adipose tissue via GLUT4 

b. Stimulates glucokinase facilitating entry of 
glucose into liver via GLUT2 

c, Stimulates glycogenesis and inhibits 
glycogenolysis 

d, Prevents gluconeogenesis 

e, Stimulates glycolysis 


insulin 


cells 


and growth 


Facilitates entry of amino 
acids (branched chain) into 


Stimulates protein synthesis 


neoglucogenesis 


a. Inhibits hormone-sensitive lipase — | FFA 

b. Stimulates FFA synthesis from acetyl-CoA 

c. Antiketogenic 

d. Stimulates lipoprotein lipase which 
breaks down triglycerides in VLDL and 
chylomicrons into FFA which is converted 
to depot fat 


(FFA: free fatty acid; GH: growth hormone; GLUT: glucose transporter; VLDL: very low-density lipoprotein) 


Glucose Transporters GLUT and SGLT 


glucose absorption is insulin-dependent and is 
mediated through GLUT4 transporters. GLUT4 
molecules remain in intracellular vesicles. 


B. Lipid metabolism: 
1. In skeletal muscles, heart, and adipose tissue, r 


Insulin inhibits the lipolytic enzyme hormone- 
sensitive lipase. Thus, breakdown of depot fat into 
FFA is prevented. 


. . Note: Hormone-sensitive lipase is readily activated by 
On stimulation by insulin which acts via PI3 lipolytic hormones like glucagon and catecholamines. 
kinase, the GLUT4 molecules migrate to the cell 


surface and are inserted in the cell membrane. 


Glucose now undergoes facilitated diffusion in 2. 


these tissues, aided by the GLUT4 transporters. 


In insulin-sensitive tissues, exercise causes a similar 
translocation of GLUT4 molecules to cell membrane 


and this is how exercise helps in lowering blood glucose. 


2. However, glucose transport in intestine and renal 


tubules is insulin-independent. In these locations, 4. 


glucose is absorbed by secondary active transport. This 
is enabled by sodium-glucose co-transporters (SGLTs) 
Present in the luminal membrane of epithelial cells with 
the help of Na*-Kt-ATPase present in the basolateral 
Membrane, 

In these tissues, GLUT2 present in basolateral border 
helps in absorption of glucose across basolateral border 

o blood vessels in interstitial tissue. 


Glucose transporter type 5 mediates entry of fructose 
to the enterocytes, 


“= 





independent of insulin action. Glucose entry is facilitated 2 


Hence, it is so named. 


It stimulates FFA synthesis from acetyl-CoA by 

activating acetyl-CoA carboxylase, thus opening up 

the malonyl-CoA pathway. This pathway prevents 

ketone body formation. 

Insulin stimulates lipoprotein lipase which breaks 

down triglycerides in very low-density lipoprotein 

(VLDL) and chylomicron into FFA which is later 

converted to depot fat. 

Insulin is antiketogenic as it suppresses breakdown 

of fatty acids into keto-acids. At the same time, it 

stimulates peripheral utilization of keto-acids. 
Besides, insulin by Stimulating synthesis of 

malonyl-CoA, inhibits the enzyme carnitine 

acyltransferase which plays a key role in keto-acid 

formation. 

Net effect of insulin on fatty acid metabolism: 

a. Storage of fatty acids is promoted 


b. Breakdown of triglycerides into fatty acids and 
their oxidation are inhibited. 
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C. Protein metabolism: 
1. Insulin facilitates entry of amino acids, 
branched chain varieties, into cells. oo, 
2. Insulin stimulates protein synthesis and inhibits 
protein breakdown. So, it plays a major role in 
growth along with growth hormone (GH). . 
D. On ion transport: Insulin lowers plasma K* by 
stimulating K’ entry into cells. Glucose and ins 
are often used together to treat hyperkalemia. Also, 
possibility of serious hypokalemia should be kept 1n 
mind when insulin is administered. _ 
E. On growth: Along with GH and others, insulin 1s 
required for sustaining normal growth (see page 395). 


specially the 


Regulation of Secretion 


Several factors regulate secretion of insulin (Fig. 70.4): 
1. Glucose: 


a. Plasma glucose is one of the powerful regulators of 
insulin secretion. It has a biphasic effect. 

b. When there is a rise in plasma glucose beyond 110 
mg%, there is an immediate acute rise of insulin 
secretion followed by a slow gradual increase (Fig. 
70.5). 

c. The first sharp rise is due to liberation of stored 
insulin. The later gradual rise is due to liberation of 
synthesized hormone. 

d. Mechanism of insulin secretion induced by 
glucose is as follows (Fig. 70.6): Glucose undergoes 
glycolysis catalyzed by the enzyme glucokinase. 
Pyruvate is formed and it is catabolized to carbon 
dioxide (CO,) and water in the Krebs’ cycle along 
with production of adenosine triphosphate (ATP). 
The ATP produced causes closure of ATP-sensitive 
Kt channels. Stoppage of K* efflux from the cell 
through the K* channels leads to depolarization of 
cells. This depolarization of cells leads to opening 
of Ca*t channels. Ca** enters into the cells and 
causes exocytosis of insulin stored in granules. This 
mechanism explains the initial steep rise in insulin 
secretion. 

The subsequent gradual rise in insulin secretion is 
caused by prolonged exocytosis of a second group of 
insulin-secreting secretory granules which become 
mature for secretion when glutamate derived from 
pyruvate lowers the pH of the secretory granules. 

2. Amino acids and FFA: Arginine and leucine in plasma, 

as also some FFA and keto acids, stimulate insulin 

secretion. Due to all these factors, insulin secretion 
rises after a meal. 

_ Glucose-dependent insulinotropic polypeptide (GIP) 

and other hormones: Oral glucose is a better stimulator 

of insulin secretion than intravenous (IV) glucose. 





Fig. 70.4: Factors controlling insulin secretion. 


(CCK-PZ: cholecystokinin-pancreozymin; FFA: free fatty acid: Gip- Sie: 
dependent insulinotropic polypeptide) 


Plasma insulin 


EEE of 
Time 
Fig. 70.5: Biphasic secretion of insulin in response to glucose. 


This is probably due to secretion of GIP stimulated by 
oral glucose. GIP stimulates insulin secretion after 4 
meal even before absorption of food, i.e. rise In level 
of substrates in plasma (feedforward action - S* 
below). Other hormones, e.g. gastrin, secretin, and 
cholecystokinin-pancreozymin (CCK-PZ) also increasé 
insulin secretion. 

4. Autonomic nerve stimulation: Stimulation of right 
vagus, acting through M4 receptors, causes 4 "S¢ 
insulin secretion. 
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%, Oral hypo 


i Rlycemic agents, such as, tolbutamide, 
Bupizide, etc, increase insulin secretion. They are used 


in the treatment of noninsulin-dependent diabetes 
mellitus (NIDDM) (see here) 


B DIABETES MELLITUS 


1. Diabetes me 


llitus is a common and serious pathological 


ATP-sensitive condition found in humans, as a result of failure of 
channel Insulin to exert its action, 
. Diabetes means a condition with large urine output. 
The word “mellitus” signifies the honey-like sweet taste 
caused by presence of glucose. 
Diabetes mellitus is distinct from diabetes insipidus, 
Voltage-gated the word “insipidus” means tasteless. Diabetes 
Ca™ channel insipidus is caused by deficiency of antidiuretic 


Secretion of insulin 
stimulated by glucose 


Fig. 70.6: Secretion of insulin stimulated by glucose. (1) Entry 


of 
to 


glucose into B-cells of pancreas, (2) Glucose is converted 
glucose-6-phosphate, (3) Glucose-6-phosphate is oxidized 


with generation of ATP, (4) ATP closes ATP-sensitive K+ channels. 
stoppage of K* efflux raises intracellular K* concentration and 
causes depolarization. (5) The depolarization opens voltage- 
sensitive Ca channels, (6) Ca** enters into cytosol, (7) Catt causes 
exocytosis of insulin. 


Or 


Sympathetic stimulation or catecholamines inhibit 
insulin secretion through «.2-receptors. However, they 
stimulate insulin secretion acting through B-receptors. 
Net effect of catecholamines is usually inhibition 
of insulin secretion. This changes to stimulation 
when catecholamines are administered following an 
a-blocker. 


. Paracrine regulation: As A, B, and D cells remain in close 


contiguity to one another, paracrine effects of hormones 

secreted from these cells are common, as follows: 

a. Glucagon stimulates secretion of insulin which, 
however, inhibits glucagon secretion. 

9. Somatostatin inhibits secretion of insulin, glucagon, 
and pancreatic polypeptide. 


_ exercise: Exercise, like insulin, stimulates migration of 


-LUT4 transporters from cytosol to cell membrane. 
‘us, it increases insulin sensitivity of cells. 


hormone (ADH), which leads to polyuria. 


. Diabetes mellitus is of two types: 


a. Type 1 or insulin-dependent diabetes mellitus 
(IDDM) 


b. Type 2 or NIDDM. 


. Type 1 diabetes mellitus is characterized by failure of 


B-cells to secrete insulin in required amounts. This type 
of diabetes may be of autoimmune origin with genetic 
and environmental factors also contributing to the 
disease. 

Uncontrolled type 1 diabetes may be complicated 
by diabetic ketoacidosis. This condition, left untreated, 
may lead to coma and death. 

Type 1 diabetes is treated by parenteral insulin to 
compensate for the deficiency of insulin. 


. Type 2 diabetes, on the other hand, occurs as a result 


of failure of peripheral target tissues to utilize glucose 
due to “insulin resistance” Plasma insulin is normal or 
high. 

This type of diabetes is common in older persons 
(>40 years). It also has a strong genetic predisposition. 
Obesity may also be a precipitating factor. 

Diabetic ketoacidosis is usually not a complication of 
this type of diabetes. It is treated by dietary regulation 
supplemented with oral hypoglycemic agents and even 
insulin in special circumstances. 


Clinical Features (Flowchart 70.1) 


the gastrointestinal (GI) tract secretes hormones like 1. Diabetes mellitus is manifested by polyuria (increased 


Blucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide-1] (GLP-1) which increase insulin 
*ecretion in a feedforward manner, i.e. insulin output 
into the circulation is stimulated by secretion of these 
hormones in response to food intake but this occurs even 
before glucose or amino acids are absorbed into blood. 
these hormones are called incretins. 


urine output), polydipsia (excessive thirst), weight loss 
in spite of polyphagia (increased appetite), hypergly- 
cemia (rise in blood glucose), glycosuria (passage of 
glucose in urine), ketosis, acidosis, and coma. 


2. The principal metabolic abnormalities are: 


a. Diminished utilization of glucose by peripheral 
tissues 
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Flowchart 70.1: Some symptoms of diabetes mellitus (explanation). ig 
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b. Increased hepatic glucose output 
c. Increased breakdown of lipids into FFAs and ketone 
bodies. Due to the first two causes, there is profound 

hyperglycemia ranging between 300 mg% and 1,200 

mg%. 

. Severe hyperglycemia, by itself, causes cellular 
dehydration due to hyperosmolality. 

In addition, hyperglycemia by exceeding renal 
threshold, leads to glycosuria. As a result, there is os- 
motic diuresis and polyuria and this further aggravates 
the dehydration. 

The water loss aggravates the already existing 
hyperosmolality. This excites hypothalamic centers 
causing thirst or polydipsia. 

. Impaired glucose utilization in the ventromedial 
nucleus of the hypothalamus due to lack of insulin 
decreases the activity of this “satiety” center (see page 
541). It then no longer suppresses the appetite center 
and polyphagia results (normal brain tissue elsewhere 
does not require insulin for glucose utilization). 

_ General inability to utilize glucose causes breakdown 
of protein and fat for energy. This produces weight loss 
and ketosis. 


co 
Glycosuria 
and polyuna 





6. Increased gluconeogenesis is a major feature of diabe- 
tes. This is due to: 

a. Excess glucagon—a feature of diabetes mellitus 

b. Increased level of glucocorticoids present in severe 
diabetics. 

c. Presence of excess amino acids in blood in absence 
of insulin which increases uptake of amino acid 
into cells. | 

d. Increased activity of gluconeogenic enzymes, SU 
as: 
¢ Phosphoenolpyruvate carboxykinase 
¢ Fructose 1,6-diphosphatase 
¢ Glucose-6-phosphatase 
¢ Pyruvate carboxylase. 


8 COMPLICATIONS 


Diabetic Ketoacidosis 


a. Ketosis: 
° ° on. * ou li ase, the 
s Insulin inhibits hormone-sensitive !P 


enzyme which breaks down depo! a 0 
‘ : irus, in 4 
Therefore, in diabetes mellitus, 4c cap! 


insulin, the plasma FFA level is double 
also contributes to rise in FFA level. 
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Shap ter 79; 
4, bree fatty acid is then catabolized to | 
put, the huge load of acetyl-CoA cannot be burnt 
via citric acid cycle, nor can it be reconverted into 
fatty acid through malonyl-CoA pathway due to 
jeficiency of the enzyme acetyl-CoA carboxylase, 
so, mostly the acetyl-CoA is converted 
rst to acetoacetic acid, then to acetone and 
p-hydroxybutyric acid (the ketone bodies), This 
ults in ketosis and acidosis, 


ACETYL-CoA. 


res 


The three most important conditions predisposing 


to ketoacidosis are: (1) starvation, (2) high fat diet, 

and (3) diabetes mellitus (see page 369), 

», Acidosis and changes in electrolytes: 

, Acidosis (due to presence of the acidic ketone 
bodies) leads to rapid, deep respiration known as 
Kussmaul’s breathing. 

« Even maximal secretion of H* and NH’ ions by the 
renal tubules fails to excrete ketoacid anions due to 
their low pK. These ketoacid anions are, therefore, 
excreted in urine in combination with Nat and K+ 
ions. 

s Thus, a substantial loss of Na* and Kt ions occurs 
in urine. 

s Two other factors contribute to Na* and K* loss in 

diabetic ketoacidosis. These are: 

1. Vomiting due to metabolic acidosis 

2. Osmotic diuresis associated with hyperglycemia, 
which leads to loss of water along with substantial 
amounts of electrolytes (see page 337). 

Loss of Na* ions lead to low plasma Na* when Na* 

loss is proportionately more than water loss. 
® In contrast, plasma K’, in spite of urinary loss, may 
be normal due to: 
¢ Shift of K* from cells into the plasma in exchange 
of H* in acidosis 

¢ Absence of insulin-mediated uptake of K* into 
Cells 

¢ Reduced extracellular fluid (ECF) volume. 


Endocrine Pancreas 


Autonomic neuropathy (invalvernent of autonomic 
Nerves) results in diverse symptoms like diarrhea, 
incontinence, Impotence, etc, Sensory nerve 
involvement may produce sensory loss, trophic uleers, 
CIC, 

. In diabetes mellitus, rise in cholesterol level explains 
an increase in atherosclerotic complications 


A GLUCAGON 


1. Glucagon, secreted from «-cells of islets of Langerhans, 
is a polypeptide hormone. 
It contains 29 amino acids (molecular weight of about 

3,500 kDa). 

2. Factors influencing glucagon secretion: 

a. Blood glucose is the principal regulator of glucagon 
secretion. Hypoglycemia stimulates glucagon secre- 
tion while hyperglycemia has the opposite effect. 

Absence of insulin potentiates the stimulating 
effect of hypoglycemia on glucagon secretion. On 
the other hand, presence of insulin increases the 
suppression of glucagon secretion by hyperglycemia. 

b. Protein intake, especially intake of amino acids like 
arginine and alanine, stimulates glucagon secretion. 
However, simultaneous glucose administration 
suppresses this response. 

c. Glucagon secretion does not show much alteration 
after a meal mainly because the carbohydrate and 
protein contained in food have opposite effects on 
glucagon secretion. 

d. Some other factors that stimulate glucagon secretion 
are exercise, fasting, vagal stimulation, and various 
stressful conditions. 

e. Somatostatin inhibits glucagon secretion by 
paracrine effect on the pancreatic islets. 

3. Actions of glucagon: 

a. The effects of glucagon are mediated through cyclic 

adenosine monophosphate (cAMP). 


Diabetic Coma b. The actions of glucagon are almost exactly op posite 

to those of insulin. Some scientists are of the view 

Coma in diabetes mellitus may be due to: (a) dehydration, that glucagon is the principal hormone regulating 

acidosis, (c) hyperosmolality, (d) lactic acidosis from carbohydrate metabolism and insulin just acts as 
)poxia, and (e) cerebral edema which has a bad prognosis. an antagonist. 


c, Glucagon stimulates glycogenolysis in liver 


Chroni = cee 
onic Complications and inhibits glycogenesis. It also stimulates 


4. In chronic diabetes, intracellular glucose excess, gluconeogenesis. Glycolysis is inhibited. Glucagon 
by Producing sorbitol and advanced glycation end has very little effect on peripheral glucose utilization. 
Products, may lead to microvascular and neuropathic Glucagon stimulates glycogenolysis in two 
“Omplications involving the heart, kidney, retina, separate pathways. One is mediated through cAMP 
‘nd nerves, This causes ischemic heart disease, and cAMP-dependent protein kinase (protein 

abetic nephropathy, diabetic retinopathy, peripheral kinase A). ‘the other pathway involves activation of 
‘europathy, etc, phospholipase C and rise in intracellular Ca’. 


em 


- ———— cee AL ~—--- 


1 of FRAS and 
‘oA carboxylase 
PEA, It also 
in adipose 


d. Glucagon promotes -oxidatiot 
stimulates ketosis. It inhibits acetyl-C 
which is essential for synthesis of 
facilitates lipolysis by stimulating lipase 
tissue. 

e, Glucagon inhibits cholesterol synthesis by inhibiting 
the key enzyme HMG-CoA reductase. 

f. Other actions include: 
® Cardiostimulant action through stimul 

adenylyl cyclase and rise in cAMP 
® Natriuresis as Na‘ reabsorption in renal 
inhibited by glucagon. 


ation of 


tubule is 


B CONTROL OF BLOOD GLUCOSE (FIG. 70.7) 


In a healthy person, blood glucose level is kept within a 
narrow range in spite of various factors trying to upset this 
state of equilibrium. 

Blood glucose level is regulated by: 

a. Different hormones which either elevate or depress 
blood sugar level 

b. Different organs like the liver, skeletal muscle, 
gastrointestinal tract, the kidney, etc. 

Both of the above factors regulate blood glucose level 
by stimulating or depressing processes like glycogenolysis, 
glycogenesis, neoglucogenesis, peripheral glucose 
utilization, etc. 


i EFFECTS OF HORMONES 


1. Insulin has powerful actions on blood glucose 
concentration. Insulin lowers blood glucose level 
by stimulating glycogenesis and peripheral glucose 
utilization while inhibiting glycogenolysis and 
neoglucogenesis. 

2. Glucagon elevates blood glucose level through 
mechanisms opposite to those of insulin. Thus, it 
promotes glycogenolysis and gluconeogenesis but 
inhibits glycogenesis. 

3. Epinephrine and norepinephrine elevate blood glucose 
level by stimulating glycogenolysis, gluconeogenesis, 
and inhibition of peripheral glucose utilization. Their 
actions are almost immediate. 

4. Cortisol also raises blood glucose level but it takes a 
longer time to act. 

5. Other hormones that also elevate blood glucose 
concentration include thyroxine and GH. 


§ EFFECT OF DIFFERENT ORGANS 


1. Liver: Liver plays a major role in maintaining blood 
glucose at a constant level. Due to this, liver is said to act 
as a glucostat. When the blood glucose concentration 
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Fig. 70.7: Factors controlling blood glucose level, 
(GH: growth hormone) 


is low, the processes of glycogenolysis and neogluco- 
genesis are stimulated in the liver. 

As a result, the hepatic glucose output increases 
resulting in restoration of blood glucose level. 

When blood glucose level is high, glycogenesis 
is stimulated in the liver while glycogenolysis and 
neoglucogenesis are inhibited. This results in lowering 
of blood glucose level. 


_ Skeletal muscle: Peripheral glucose utilization by 


skeletal muscle is significantly increased in severe 
exercise, causing a drop in blood glucose level. 


. Gastrointestinal tract: Absorption of g!ucose through 


the GI tract following a meal raises bloo« glucos¢ level. 
However, the rate of glucose absorption "1454 maximal 
limit. This prevents a very high rise o! blood glucose 
concentration following a meal. 


. Kidney: If, due to failure of the variou> homeostati¢ 


rauon attains 


mechanisms, the blood glucose conc’ 
lay tO regulate 


a very high level, the kidney comes into | 
blood glucose level. 

When the blood glucose level ex: 
threshold (page 331), all the filtered glucos¢ cann 
reabsorbed by renal tubules, This unabsorbed glucos’ 


ods the renal 
ot be 


comes out through urine. This is called glycosuria an 
this helps in decreasing the plasma load of glucose 
Bl HOUSSAY ANIMAL 
as and the 
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/ Houssay demonstrated that features ofh na | 


yperglycemia 
acosuria, and ketosis found in a pancreatectomized 


al disappeared when it was further subjected to 
sypophysectomyy’ This proves the antagonistic effects of 
ulin and hormones of anterior pituitary, 

~ adrenocorticotropic hormone (ACTH), thyroid- 
<jmulating hormone (TSH), and GH secreted from anterior 
-ituitary all produce diabetogenic features in absence of 
cpsulin in a pancreatectomized animal. Hypophysectomy 
abolishes these features in an Houssay animal. 


qnim 


f GLUCOSE TOLERANCE TEST (FIG. 70.8) 


1, This test is employed to find out the body’s ability to 
tolerate glucose loads. 

9. The subject comes in the morning after an Overnight 
fast for 12 hours. A sample of venous blood is taken. 
From this, the fasting blood glucose is estimated. The 
subject then ingests 75 g of glucose dissolved in water. 
Four to five samples of venous blood are then collected 
at intervals of 30 minute and blood glucose levels in 
these samples are estimated. 

3, The results are plotted as shown in Figure 70.7. In a 
normal subject, the fasting blood glucose is low (<120 
mg%). The blood glucose level rises (up to 150-160 
mg%) after ingestion of glucose but comes back to 
fasting level or even below it within 2 hours. 

4. In a diabetic subject, the blood glucose level shows 
much higher values depending on the severity of the 
disorder. It never comes back to fasting levels within 2 
hours. 
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Fig. 70.8: Glucose tolerance test. A. Normal person, B. Diabetes 
mellitus, C. Renal glycosuria. 


5. In renal glycosuria, glucose is present in urine although 
blood glucose level remains normal throughout. This is 
because the renal threshold for glucose itself is low. 

6. In thyrotoxicosis, the glucose tolerance is decreased. 


Chis results in elevated blood glucose levels in the 
collected samples. 


B HYPOGLYCEMIA 


1. Normal blood glucose level is 80-120 mg%. 

Now, if the blood glucose level falls below 50 mg% 
in an individual, he complains of giddiness, confusion, 
palpitation, sweating, anxiety, etc. In severe untreated 
cases, this may culminate in convulsions and coma. 

2. The symptoms arise due to two reasons: 

a. The hypoglycemia leads to deficient supply of 
glucose to brain. This results in such symptoms 
as giddiness, confusion, and in extreme cases 
convulsions and coma. 

b. The hypoglycemia stimulates sympathetic 
overactivity and secretion of epinephrine. This 
causes tachycardia, sweating, anxiety, etc. These 
symptoms are important in the sense that they warn 
the patient about imminent hypoglycemic coma 
(this is known as hypoglycemia awareness). 

3. One of the most common causes of hypoglycemia is 
administration of insulin in IDDM when the dose is 
excessive. 

4. In some individuals specially diabetics receiving 
parenteral insulin for a long time or patients with 
insulinomas (insulin secreting tumor), repeated attacks 
of hypoglycemia abolish the features of “hypoglycemia 
awareness’. These patients may go to hypoglycemic 
coma without any warning. Left untreated, this may 
even result in death. 


Metabolic Syndrome or Syndrome X 


Insulin resistance and type 2 diabetes are frequently 
associated with central obesity with increased waist 
circumference, hypertension, and various metabolic 
abnormalities such as low high-density lipoprotein (HDL), 
elevated triglycerides, etc. This metabolic disorder is 
very common and it is known as metabolic syndrome or 
syndrome X. 


Obesity and Insulin Resistance 


Several theories have been postulated regarding the 

association of obesity with insulin resistance in metabolic 
syndrome. These are: 

a. Adipokines (cytokines or hormones secreted from 

adipose tissue especially white fat cells) circulating 

in blood like leptin and adiponectin decrease insulin 


Se 
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resistance, possibly by increasing the sensitivity of 
hepatic and muscle cells to insulin. In obesity, secretion 
of these hormones decreases. 

On the other hand, the adipokine resistin increases 
insulin resistance. Obesity increases secretion of 
resistin. 


. Free fatty acids are released into circulation in increased 


amounts in obesity due to breakdown of excess amount 
of fat in the body. These fatty acids infiltrate muscle 
cells, interfering with their sensitivity to insulin. 

Also, presence of excess FFA can lead to hyperglycemia 
by altering glucose metabolism. So, both these effects 
increase insulin resistance. 

The diminished sensitivity of peripheral tissues 
to insulin leads to a compensatory rise in insulin 
secretion. This explains the normal or even increased 
insulin level in metabolic syndrome and type 2 diabetes 
mellitus. 


& PINEAL GLAND 
1. This gland arises from the roof of 3rd ventricle. It is 


located close to the posterior end of corpus callosum. 


2. It secretes a hormone called melatonin—So, 


named because this hormone causes a lightening 
of skin color in frogs. However, the main function 
of melatonin appears to be able to bring about the 


various diurnal changes of bodily functic,,. 


; Ie. 
blood level is entrained with light-dary ,. 


rg. 
YCle 
Gh 


shows increased values in the dark and lower." 
in daylight. Vahie 

3. The entrainment of light-dark cycle with fit 
“TAt typ 


synthesis is effected by retinohypothalar;. - 
fibers from the eye. These fibers run from the tery 


Ba 
Uitia » 


the suprachiasmatic nucleus of hypothalamy: hy : 
from the suprachiasmatic nucleus desceng , mn 
lateral horn of the thoracic spinal cord. Fro, a 
preganglionic sympathetic neurons arise ang ie 
the superior cervical ganglia. Postganglionic fiber : : 
there proceed to innervate the pineal gland mr 

Norepinephrine released from Postgangli,.. 
sympathetic nerves act on B-receptors in pines] shane 
activates CAMP and stimulates melatonin smn these d 

4. As mentioned earlier, synthesis and Sectetion «: 
melatonin are stimulated in the dark whereas its |. 
is low during daylight. This correlates with diurng 
variation of epinephrine secreted by the sympathes- 
nerves to pineal gland. 

5. The diurnal variation in melatonin level appear; 
to influence the diurnal changes in endocrine an; 
other events in the body in accordance with th: 
environmental light-dark cycle. 

(see also Circadian rhythm - Chapter 108). 
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ASSESSMENT QUESTIONS 





a. Long questions: 7. Cushing's syndrome is associated with hypertension. 


— 


Discuss the mechanisms of hormone action, What are 
" positive and negative feedback? 
_ Describe the synthesis of thyroid hormones. Briefly 
describe the mechanism of action and Physiological 
actions of thyroxine. Discuss the clinical features of 


tho 


8. Cushing's syndrome is associated with diabetes 
mellitus. 


9. Steroid drugs must be slowly tapered off. 


10. Low calcium level leads to tetany. 


11. Diabetic patients complain of polydipsia. 

12. Diabetic patients complain of polyphagia. 

13. Diabetic patients complain of polyuria. 

14, Patients with renal glycosuria have normal blood 


hypothyroidism. 

What is the mechanism of action of Cortisol? Describe 
the physiological actions of cortisol. Briefly discuss the 
features of Cushing's syndrome. 


ww 
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_ What are the calcium-related hormones? Briefly 
describe the physiological actions of these hormones. 
What is tetany? What are the clinical signs of tetany? 

. Discuss the physiological actions of GH and the factors 
regulating GH secretion. What are somatomedins? 

. Discuss the mechanism of action of insulin and 
describe its physiological actions. What is Houssay 
animal? 


wn 
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8. Write short notes on: 

1. G-protein 

2. Second messengers 

3. Dwarfism 

4. Gigantism 

5. Acromegaly 

6. Radioimmunoassay 

7. Cretinism 

8. Myxedema 

9. Graves’ disease 
10. Antithyroid drugs 
1). Thyroid storm 
12. Adrenogenital syndrome 

12 Cushing's syndrome 
'4. Addison’s disease 
15 Aldosterone escape 
16. Tetany 
17. Rickets 

18. Osteomalacia 
19. Osteoporosis 
20. Houssay animal 
21. Glucose tolerance test 
C Explain why: 

1. Different hormones acting via same second messen- 

9€rs show different actions. 

2. Steroid hormones take some time to act. 
3. Actomegaly patients may show visual field defects. 
™Myxedema patients may show yellow body color. 
Exophthalmos is seen in Graves disease. 


21-hydroxylase deficiency leads to adrenogenital 
Syndrome. 





glucose level. 


D. Multiple choice questions: 


1. Peptide hormones are all except: 
a. GH 
b. Neuropeptide Y 
c. Enkephalin 
d. Serotonin 


2. All of the following hormones are glycoproteins 
except: 


a. hCG b. FSH 
c. TSH d. GH 
3. Acts via receptor with tyrosine kinase activity: 
a. Insulin b. Aldosterone 
c. Glucagon d. FSH 
4. Action of ANP involves: 
a. IP3 b. DAG 
c. cGMP d. Tyrosine kinase 
5. Hormone involved in JAK-STAT pathway: 
a. Prolactin b. Thyroxine 
c. FSH d. None of the above 


6. Not controlled by G protein: 
a. CAMP activity 
b. IP3 and DAG activation 
c. Phosphodiesterase activity 
d. Activity of transcription factor 
7. Bradycardia produced by vagal stimulation is 
mediated via: 


a. CAMP b. cGMP 
c. Ca** d. DAG 

8. Which of the following receptor acts via G protein? 
a. GH receptor b. M2 


c, Steroid receptor d. Insulin receptor 
9. Hormone with inhibitory regulation: 

a. GH b. FSH 

c. Prolactin d. TSH 


10. A product of proopiomelanocortin: 


a. Norepinephrine 
b. Dopamine 

c. ACTH 

d. None of the above 





11. Not under direct control of ACTH: 
a. Cortisol 
b. Corticosterone 
c. Aldosterone 
d. Epinephrine 
12. Growth hormone stimulates growth via: 
a. IGF 
b. Direct effect 
c. Thyroxine 
d. None of the above 
13. A feature of GH secretion: 
a. Continuous secretion 
b. Stimulated by exercise 
c. Stimulated by somatostatin 
d. None of the above 
14.Amylin is secreted from which cell of islet of 
Langerhans? 
a. Beta cell 
b. Alpha cell 
c. Delta cell 
d. F cell 
15. GH secretion is not stimulated by: 
a. Fasting 
b. Exercise 
c. Free fatty acids 
d. Surgery 


MCQs Answers 


1. Ans. D. GH, neuropeptide Y and encephalin - all 
are peptide hormones but serotonin is an amine 
(5-hydroxytryptamine). 

2. Ans. D. FSH, TSH and hCG - all are glycoproteins but GH 
ia polypeptide made up of 191 amino acids. 

3. Ans. A. Insulin acts via tyrosine kinase activity. 
Aldosterone is a steroid and acts via intracellular receptor. 
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Glucagon acts via both cAMP and IP JOM pathinay 
acts via CAMP. 

4. Ans. C. ANP acts via CGMP derived fror, - GTP bees 
down by guanylyl cyclase. 

5, Ans. A. Both GH and prolactin act via JAK-STay at, 

6. Ans. D. G proteins regulate the activitie; .¢. Lety 
messengers like cAMP, IP3 and DAG. It alco j-+. be ; 
phosphodiesterase thereby inhibiting breavg 
cAMP and enhancing its action. However, they us 
do not regulate activity of transcription factor as i- 4, i 
by steroid hormones or thyroxine. 

7. Ans. A. Vagus nerve secretes actylcholine 3- the 
neurotransmitter which acts via CAMP to decrease te 
rate. 

8. Ans. B. M2 muscarinic receptor of acetylcholine « - 
protein coupled. [GH receptor acts via JAK-STAT patocy 
steroids act via intracellular receptors and jnsy 
receptor acts via tyrosine kinase pathway. 

9, Ans. C. Prolactin is under inhibitory contro! of dopamire 

10. Ans. C. ACTH as well as B-endorphin, lipotropin etc x= 
derived from proopiomelanocortin. 

11. Ans. D. ACTH controls secretion of adrenocortics 
hormones, i.e. cortisol, corticosterone and aldosterone 
but epinephrine secreted from adrena! medulla s 
not directly controlled by ACTH (It is controlled oy 
sympathetic nerves). 

12. Ans. A. 

13. Ans. B. GH is secreted episodically in smal! bursts. ‘So 
secretion is not continuous). Its secretion is inhibitec oy 
somatostatin but exercise stimulates its secretion. 

14. Ans. A. Beta cells of pancreas secrete both insulin anc 
amylin. 

15. Ans. C. Fasting, exercise and surgery (stress) - ail stimusat 
GH secretion but free fatty acids inhibit GH secreno” 
(Fall in free fatty acid level increases GH secretion. 
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| XANDY CHROMOSOME 


|. A human cell contains 44 autosomes and 2 sex 
chromosomes. Sex chromosomes may be X or Y. Male 
diploid cells contain one X and one Y chromosome 
(XY pattern) while female diploid cells contain two X 
chromosomes (XX pattern). 
The Y chromosome contains a gene called SRY (sex- 
determining region of Y chromosome) in the short 
arm. This gene synthesizes a substance called testis- 
determining factor which leads to conversion of the 
embryonic gonad to testis. 
Although deoxyribonucleic acid (DNA) of the Y chro- 
mosome is essential for males, the X chromosome also 
contributes to maleness by synthesizing androgen hor- 
mone receptor, an important requisite for virilization. 
- Although the female cells contain two X chromosomes, 
one X chromosome is inactivated in the somatic cells 
‘oon after the beginning of embryonic development. 
The inactive X chromosome is seen in close vicinity 
o! the nuclear membrane as the Barr body. In cells 
with more than two X chromosomes, the additional X 
chromosomes are also inactivated and each of them 


Ves rise to an additional Barr body. 
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LDEVELOPMENT OF GONADS AND GENITALIA 


|. Up to 6-8 weeks of fetal life, the gonads remain 
Undifferentiated. The gonads arise from the genital 
"ldge, close to the adrenal glands. They have an outer 
ortex and inner medulla. 
“© Primitive gonad contains three types of cells: 
4 The coelomic epithelium which gives rise to 
Branulosa cells in female and Sertoli cells in male. 
" € Mesenchymal stromal cells which give rise to 
the theca cells in female and Leydig cells in males. 
Me germ cells, 
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3. In the males, at about 6-7 weeks, Sertoli cells and 
germ cells come together to form the seminiferous 
tubules. By 9 weeks, Leydig cells are also seen in the 
interstitial tissue surrounding seminiferous tubules. In 
the developing testis, the cortex degenerates whereas 
the medulla continues to grow. 

4. In the female, differentiation starts at 9th week. The 
germ cells first divide by mitosis to form oogonia and 
then undergo meiotic division. The germ cells, now 
known as primary oocytes are surrounded by granulosa 
and stromal cells and they develop into ovarian tissue. 

In contrast to the testis, the cortex continues growing 
in the developing ovary while the medulla regresses. 


The sex characteristics of a male or female may be 
classified into three categories: (1) genetic sex, (2) gonadal 
sex, and (3) phenotypic sex. 

The genetic sex is determined by the distribution of SeX 
chromosomes in the cells of the individual. Thus, males 
have 46 + XY chromosomes and females have 46 + XX 
chromosomes. 

The males have testes whereas the females have Ovaries 
as gonads. This gonadal characteristic in different sexes is 
known as gonadal sex. Difference in gonadal sex depends 
on the presence or absence of the SRY gene, i.e. the gene 
contained in the SRY. This gene synthesizes a protein 
called testis determining factor which is necessary for 
the development of testis in the males. Absence of this 
factor in the female leads to the development of Ovaries 
as gonads. 

The phenotypic sex is the apparent anatomical sex in 
the individual manifested by the external genitalia and 
secondary sexual characteristics in the individual. This 
type of sex characteristics is determined by presence 
or absence of the masculinizing hormone testosterone 
along with Millerian-inhibiting factor (MIF), 


Sa 
— 


Section 10: Reproductive System 7 


a 


Up to 6-8 weeks of intrauterine life, the gonads in 
the embryo are undifferentiated, i.e. they can develop 
into either male or female. Development of the male 
type reproductive system depends on the presence of 
testosterone and MIF whereas absence of testosterone 
and MIF leads to development of the female type 
reproductive system. It should be noted that the 
female type reproductive system develops by 
default in the absence of any modifying stimulus of 
testosterone. 


. By 7th week, two primordial genital ducts appear 


on both sides. These are the Wolffian ducts and the 
Miillerian ducts. 


_ In the male, under the influence of testosterone, 


the Wolffian ducts develop into the epididymis, vas 
deferens, seminal vesicles, and ejaculatory duct. 
The Miillerian ducts, in the male, regress under the 
influence of MIF secreted from Sertoli cells. 

Under the influence of dihydrotestosterone (DHT), 
which is derived from testosterone, the male external 
genitalia including the penis, spongy urethra, scrotum, 
and prostate are formed along with the development of 
secondary sexual characteristics. 


_ In the female, due to lack of testosterone, the wolffian 


ducts regress. In the absence of MIE the Miillerian ducts 
develop and differentiate into fallopian tubes, uterus, 
and upper part of vagina. 


_ In the absence of any hormonal influence, the female 


external genitalia consisting of clitoris, labia majora and 
minora, and lower vagina develop spontaneously. 


_ Thus, it can be seen that development of male 


gonads requires active hormonal participation, e.g. 
testosterone, MIF, and DHT whereas absence of the 
above hormonal influences leads to the development 
of female gonads. 


The external genitalia in the undifferentiated state 
consist of a genital tubercle, two urethral folds, and two 
labioscrotal swellings. In the male, the genital tubercle 
gives rise to the penis, the urethral folds give rise to 
the urethra surrounded by erectile tissue while the 
labioscrotal swellings give rise to the scrotum along with 
the skin covering the penis including the prepuce. 


In the female, the genital tubercle gives rise to the 


clitoris while the urethral folds and labioscrotal swellings 
give rise to the labia minora and labia majora. Unlike the 
males, the urethral folds and labioscrotal swellings do not 
fuse in the midline and thus the urethra and vagina open 


externally through the gap. 


Bf ABNORMAL SEXUAL DIFFERENTIATION 


This may be due to genetic or hormonal abnormalir 
es 
genetic defects are: The 


1, Nondisjunction of sex chromosomes ig 4 ¢, 
cause of genetic abnormality. In nondisjunct via Hi 
oogenesis, the two X chromosomes fail to «, Orin 
during meiosis and so both of them go to on, aray 
daughter cells. Thus, ovum with chromosoma | ; 
of 22(XX) or 22(O) is produced. 

When this ovum is fertilized by a sperm with 2) 
22(Y) pattern, zygotes of XO, XXX, XXY or YO pat;, 
are produced, giving rise to various types of ie 
abnormalities. These are: me 
a. The XO chromosomal pattern (Turner’s syndrome, 

These patients are short-statured. They have female 

external genitalia with small and underdevelope, 

gonads which do not mature at puberty. 

b. XXY pattern (Klinefelter syndrome): These patients 
appear normal before puberty. But after pubern; 
they have low testosterone level, small genitalia 
gynecomastia, sparse body hair, and female type of 
pubic hair distribution. They also have abnormal 
seminiferous tubules with low sperm count and 
mental retardation. 

c. XXX pattern (superfemale): They are not associated 
with any specific abnormality. 

d. YO pattern does not survive. 

2. Nondisjunction may occur during mitotic divisions 
soon after fertilization, giving rise to two sets of cell 
population with different chromosomal patterns. his 
is known as “mosaicism”. XX/XY mosaic gives rise 
to true hermaphroditism with coexisting testis and 
ovary. 

3. Nondisjunction occurs in autosomes also. Thus, trisomy 
21 or Down’s syndrome is caused by nondisjunctionin 
chromosome 21. 

4, The various types of chromosomal abnormalities can be 
detected in utero by examining cells in amniotic fuid 
obtained by aspiration (amniocentesis). \n alternative 
method suitable in early pregnancy is stucy of fetal cells 
obtained by biopsy of chorionic villi. 


of the 
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) HORMONAL DEFECTS 


1. True hermaphroditism may be cause by: (1) prem 
ence of ovary on one side and testis on the other side i 
(2) ovotestis (which is formed partly by tests and par’) 
by ovary) on one or both sides. In conuast hormen 

abnormalities may lead to genitalia o! opposite as 

genetically male or female patients. ‘hese 4 exalup 


of pseudohermaphroditism. 
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, pemale pseudohermaphroditism: 

7 a. Wis caused by exposure to increased levels of 
androgens between 8 weeks and 13 weeks of intrs 
uterine life. - 


In defects of pregnenolone synthesis, synthe- 
sis Of both adrenal and testicular androgens is 
hampered. ‘this also can lead to male pseudo- 


bp, It may be due to: 
¢ Congenital virilizing adrenal hyperplasia, or 
¢ Exposure to excess androgens derived from 
mother who was undergoing treatment with 
androgens. 


hermaphroditism. 


In congenital 17-a-hydroxylase deficiency, 
androgen synthesis is impaired leading to 
pseudohermaphroditism. 


3 Male pseudohermaphroditism: It may be caused by: B PuBerty 


ive development ic testis: 
a. Defective d p of embryonic testis: In this | 1. After birth, the gonads of either sex remain inactive 


condition, Mullerian-inhibiting substance (MIS) is 
not properly secreted, leading to the formation of 
female internal genitalia. 
b. Androgen resistance: 
¢ Here, the effects of androgen on target tissues are 
subnormal. One predisposing cause is deficiency 
ofthe enzyme 5-a-reductase. This enzyme reduc- 
es testosterone to DHT—the active form essential 
for development of male external genitalia. 
These genetic males have poorly developed 
external genitalia due to lack of 5-a-reductase and 
consequent lack of DHT. They often have female 
external genitalia at birth and grow up as females. 

But at puberty, due to high luteinizing hormone 

(LH) and testosterone secretion, the deficit of 

5-o.-reductase is overcome. As a result, in these 

persons, the clitoris elongates and they turn into 

“boys. This is known as “penis-at-12 syndrome” 

¢ Another cause of androgen resistance is a 
defect in the androgen receptor due to genetic 
mutation. The manifestations vary in severity. In 

mild cases, there is gynecomastia and infertility. 

Severe cases with total loss of receptor function 
are known as “testicular feminizing syndrome” 

In these patients, 

O Although MIS level is normal and testosterone 
level is high, the latter is ineffective. 

O Female external genitalia are present but 
there are no female internal genitalia. As MIF 
is present, uterus and fallopian tube do not 
develop. Thus, there may be a blind vagina. 

O Testosterone secretion in these patients is 
excessive due to absence of negative feedback 
effect. The large amounts of circulating 
testosterone are converted into estrogen 
in liver and adipose tissue. As a result, the 
breasts are enlarged in adolescence, pubic 
and axillary hairs are scanty, and body fat 
distribution is of female type. 

0 These patients are mistaken for normal 
females until they undergo investigation for 
amenorrhea. 


fora long time until they are stimulated by pituitary 
gonadotropins and mature into adult size and function. 

This delayed maturation is known as adolescence or 
puberty, 


- Thus, puberty may be defined as the period when the 


endocrine and reproductive functions of the gonads 
mature from a quiescent stage in the childhood so that 
the individual becomes capable of reproduction. 


. Age of onset of puberty varies in the two sexes: 


In boys, it is between 9 years and 14 years. In girls, it 
is between 8 years and 13 years. 


. There are several theories related to the onset of 


puberty: 

a. Prepubertal children have been found to possess 
adequate amounts of gonadotropins in their 
pituitary and gonadotropin-releasing hormone 
(GnRH) in their hypothalamus but their release is 
kept in check by some obscure mechanism. 

b. According to some, the mechanism of puberty 
is neural with the beginning of pulsatile GnRH 
secretion. 

c. Another popular hypothesis suggested is that sex 
steroids secreted from the gonads in small amounts 
keep the hypothalamic GnRH in check during the 
quiescent phase. This is because before puberty, 
GnRH secretion is believed to be exceedingly sen- 
sitive to the negative feedback effect of circulating 
gonadal steroids. 

It is now believed that neurons secreting 
y-aminobutyric acid (GABA) inhibit secretion of 
GnRH before puberty. Also, another probable factor 
causing puberty is stimulation of GnRH secreting 
neurons by the kisspeptin peptides (p. 456) 

According to some, melatonin secreted from 
the pineal gland has a possible role to play in 
determining the onset of puberty. Melatonin is 
antigonadotropic and its level falls in daylight. So, 
low melatonin level during daytime stimulates 
gonadotropin activity. 

lt was observed that in young children with 
pinealoma (tumors causing destruction of pineal 


zz 


A 
—— 
es 


tissue leading to low level of melatonin), premature 
puberty often occurs. Thus, it is believed but not 
proved beyond doubt that antigonadotropic effect 
of melatonin prevents onset of puberty. 

In pubertal age, the growth spurt is associated 
with a fall in melatonin level which probably triggers 
onset of puberty. 


. Recently a link has been established between body 


fat content and onset of puberty in females. Itseems 
that puberty and onset of menstruation occur 
only when the body contains a certain amount of 
adipose tissue. This may explain the stoppage of 
menstruation in lean and athletic women who have 
lost body fat. 

The connection between body fat and puberty 
appears to be mediated through leptin which is 
secreted from adipocytes and regulates body fat 
content (see p. 540). 


_ Whatever the mechanism, at the onset of puberty, 


the inhibitory influences are overridden making 
way for secretion of GnRH and gonadotropins. As 
a result of this, the maturation processes operate in 
full swing leading to pubertal changes. 


} PUBERTAL CHANGES 
A. In boys: 
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3. 


The first sign of puberty in boys is enlargement of 
the testis noticeable at around 12 years. 
At around 14 years, pubic and axillary hairs appear 
accompanied by enlargement of penis. 
By 15 years of age, growth of external and internal 
genitalia continues while the rate of increase in 


height reaches its peak. 


. Finally, at an average age of 16 years, the genitalia 


gain adult proportions and the secondary sexual 
characters become prominent. 


. The final adult features include: 


a. Widening of shoulders and increased muscle 
mass. 

b. Widespread growth of hair all over the body 
especially in the axilla, pubis, face (in the form of 
beard), and chest. Temporal recession of hairline 
is a noticeable feature. Pubic hair shows male 
pattern (triangular with apex directed upwards). 

c. Vocal cords elongate with enlargement of larynx. 
The voice becomes deep. 

d. Penis increases in length and diameter. Scrotum 
shows rugosity and pigmentation. 

e. Seminal vesicles, prostate, and bulbourethral 
glands develop into adult size and become fully 
functional. 
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, Oversecretion of sebaceous glands lead, 
formation of acne. te 
y, Aggressive attitude with attraction ty Opp 
4) 
sex develops. ite 


B. In girls: 


1. The first sign of puberty in girls is thejs, 
beginning of breast development. This occ 
appearance of breast bud at around the 
years. 

2. This is followed by appearance of pubic and axilla 
hair, enlargement of breast, and increase jn heighy 

3, In the next stage, at an average age of 13 years, men 
struation begins while the areola of breasts become, 
prominent 

4, At an average age of 14 years, the girls develop 
genitalia of adult proportion along with fyjjy 
developed secondary sexual characters. , 

5, The final adult features include: 

a. Narrow shoulders and broad hip. Converging 
thighs but diverging arms with wide “carrying 
angle’. 

b. Distribution of adipose tissue follows character. 
istic female pattern with preponderance of fatty 
tissue in breasts and buttocks. . 

c. Scanty body hair but more scalp hair. Pubic hair 
distribution is of female pattern (triangular with 
upper margin flat). 

d. Larynx not altered much and voice retains its 
prepubertal high-pitched quality. 

e. Clitoris, labia majora, and labia minora all 
enlarge to adult proportions. Ovary, uterus, and 
vagina mature in size and function. 

f, Mental and emotional development usually 
leads to nonaggressive shy behavior with feelings 
of attraction towards opposite sex. 
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ff PUBERTAL ABNORMALITIES 
A. Delayed puberty: 


1. The normal age of onset of puberty is highly variable. 
So, puberty is said to be delayed only when, Inc 
of girls, onset of menstruation fails to occu by 
the age of 17 years and, in case of boys, testiculal 
development is absent by the age of 20 yeal>- 

2. It may occur due to panhypopituitarism, eur 
oidism, etc. 
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B. Precocious puberty: 


s ‘This may be of two types: 
a. True precocious puberty 
b. Precocious pseudopuberty. 

® In true precocious puberty, there !s earl 
ment of secondary sexual characte's accompa™ 
by gametogenesis at an early age. 


y develop” 
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, On the other hand, in Precocious Pseudopuberty, 


times occur without an increase of gonadotropins. 
there is premature development of secondary sexual This type of sexual precocity may be caused by a 
characters without accompanying Sametogenesis mutated G protein which makes receptors hyper- 
(spermatogenesis in males or development of ovum Sensitive to gonadotropin. 
in females). 


Precocious pseudopuberty may occur in congeni- 
s True precocious puberty may be Constitutional or tal virilizing adrenal hyperplasia, interstitial cell 
it may be due to posterior hypothalamic disorders, 


tumors of testis, granulosa cell tumors of ovary, 
Interestingly, true precocious puberty may some- etc. 








f THE MALE REPRODUCTIVE ORGANS 


The male reproductive organs comprise: 
a. The gonads in the form of the two ovoid testes, situated 


outside the abdominal cavity in the scrotal sac. This 
arrangement keeps the testis at a cooler temperature, 
which is essential for spermatogenesis. 


. The accessory sex organs consisting of epididymis, vas 


deferens, ejaculatory duct, seminal vesicles, prostate 
gland, and bulbourethral glands. 

They are chiefly concerned with transport of sperms 
from the testis during ejaculation. Also, secretions from 
them add to the volume of semen. 


. The external genitalia consisting of the penis and the 


scrotum. 


i SPERMATOGENESIS 


1. Itis the process of production of sperms in the seminif- 


erous tubules of the testis. 


2. It begins at puberty and it is the main function of the 


male reproductive system. 


i STRUCTURE OF THE SEMINIFEROUS TUBULE AND 
BLOOD-TESTIS BARRIER 


b 


The seminiferous tubules, about 750 in number, are 
coiled tubes—each originating and ending in a single 
duct called tubulus rectus. 


. The tubuli recti join to form the rete testis, which is 


connected to the epididymis by the efferent ductules 
(Fig. 72.1). 


3. a. The epididymis is a highly coiled tube about 16 feet 


long when stretched out. The epididymis has a head 
region, body, and a tail portion connected to the vas 
deferens. 


Male Reproductive Systep 


. The epididymis also increases the concent 











Vas deferens 


Efferent ductules 


Rete testis 


Seminiferous tubules 


Body of the epididymis 


Tail of the epididymis 


Fig. 72.1: Structures related to the testis. 


b. The epididymis stores spermatozoa and !s 


responsible for their maturation. 


c. The sperms secreted from the seminiferous tubules 


are immotile and are unable to fertilize the ovu" 
In the epididymis, they become motile and gain the 
power to fertilize. 

(This is mainly because the cytosol of the spett™ 
present in the head of epididymis has a low pH. The 
sperms gradually become accommodated (0 i 
acidic pH during their maturation in the epididy™® 
Further, during ejaculation, alkaline prostauc fluid 
mixes with the sperms neutralizing the acidity. Ih! 
enhances motility of the sperms which are now 
capable of fertilizing ovum when deposited in M 
female genital tract.) (see also p. 461) sal 


sperms by reabsorption of fluid. 
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_—~ \Merstitial cells of Leydig 


Basal lamina 
Spermatogonia 


Primary spermatocyte 


Sertoli cell 
Early spermatid 


Late spermatid 
Fig. 72.2: Sertoli cell and blood-testis barrier. 


e. The epididymis is continued as the vas deferens 
which opens into the urethra via the ejaculatory duct. 
The seminiferous tubules contain primitive germ cells 
along with Sertoli cells. Sertoli cells are large cells, 
extending from the basement membrane up to the 
lumen of seminiferous tubule. Tight junctions are 
formed between adjacent Sertoli cells leading to the 
development of a blood-testis barrier (Fig. 72.2). 


_ The blood-testis barrier prevents passage of large 


molecules from the tissues adjoining the basal lamina 

to the tissues adjoining the lumen containing the 

delicate germ cells. 

In this way: 

a. The maturing germ cells are protected from 
potentially harmful substances circulating in blood. 

b. Also the high local concentration of androgen, 
inositol, glutamic acid, etc. can be maintained 
without difficulty. 

c. The blood-testis barrier also prevents entry of 
antigenic substances from the developing germ 
cells into the circulation which could have resulted 
in destruction of the germ cells following production 
of antibodies. 


. Interstitial cells of Leydig lie in the spaces between 


neighboring seminiferous tubules. These cells secrete 
ihe male sex hormone testosterone which is removed 
mainly by blood. 


Is) GES OF SPERMATOGENESIS (FIG. 72.3) 


. Adjacent to the basement membrane or basal lamina of 


seminiferous tubule, only two types of cells are present. 

These are the Sertoli cells and the spermatogonia. 

Spermatogonia are stem cells which, by mitosis, give 

rise to two different pools of cells: 

a. One pool of cells is concerned with cell renewal. It 
maintains an adequate proportion of stem cells by 
mitosis, | 

b. The second pool of cells is called spermatogonia 
type A. It is concerned with production of sperms, 
i.e. spermatogenesis. 
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Fig. 72.3: Stages of spermatogenesis. 


3. Each spermatogonia type A cell ultimately produces 
64 spermatozoa. 

4. The process of spermatogenesis takes 64 days to be 
completed with another 12-21 days required for 
transport of sperms into the ejaculatory duct. 

5. Spermatogenesis can be divided into three phases: 

a. In the first phase, the type A spermatogonia 
undergoes several mitotic divisions to produce 
type B spermatogonia. The latter cells, by mitotic 
division, produce diploid primary spermatocytes. 

b. In the second phase, the primary spermatocytes 
undergo first meiotic division and they are converted 
into haploid secondary spermatocytes. From the 
secondary spermatocytes, haploid spermatids 
are produced by second meiotic division. The 
spermatids have 23 unpaired chromosomes. 

c. In the third phase, each spermatid is converted into 
a spermatozoon by a process known as spermio- 
genesis. In this stage, there is no cell division. 


Note: Some sperms contain only X chromosome and 
some sperms contain only Y chromosome. The X 
chromosomes produce substances essential for survival 
of sperms. Y chromosomes, until they are fully matured, 
fail to do so. This is because Y chromosomes have much 
smaller number of genes. Here lies the importance of 
cytoplasmic bridges between the four sperms produced 
from the same primary spermatocyte, The developing 
sperms with Y chromosomes receive the cell products 
essential for survival from sperms with X chromosomes 
through these cytoplasmic bridges, Otherwise, the Y 
chromosome-containing sperm could not survive. 
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During this stage, the sperm undergoes structural 
remodeling. Most of the cytosol and nonessential 
cell organelles are extruded from the spermatid and 
lighter spermatozoa with high degree of motility are 
produced. 

d. The newly formed sperms produced from a single 
primary spermatocyte are linked by cytoplasmic 
bridges. 


Bf MORPHOLOGY OF A SPERM (FIG. 72.4) 


1. A mature spermatozoon is about 55-65 ym long. It 


consists of a head, neck, middle piece, and a long tail 
which is again divided into a principal piece and an end 
piece. 


. The head is about 4-5 pm long and 3 um wide. It 


contains the nuclear material rich in deoxyribonucleic 
acid (DNA). It has a covering called the acrosomal cap 
which contains enzymes necessary for penetration of 
the ova. 


. The middle piece contains the axial filaments consisting 


of two central fibrils surrounded by a ring of another 
nine fibrils. The middle piece is surrounded by 
mitochondria. 


. The principal piece in the tail region in a sperm contains 


a protein called Catsper. This protein acts as a Ca**- 
channel which permits passage of Ca** ions into the 
cell in response to cyclic adenosine monophosphate 
(cAMP) activated by a G-protein. This process helps in 
motility of the sperm. 


. Numerous mitochondria encircle the axial filaments. 


They provide energy for movement of the sperm. 


SEMEN 


1. Itis the whitish, opalescent fluid ejaculated at the time 


of orgasm. It contains sperms mixed with secretions 
from prostate, seminal vesicles, Cowper’s glands, etc. 


2. It coagulates immediately after ejaculation, but the clot 


liquefies again after 15-20 minutes, 


Head Middle piece Tail 
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Fig. 72.4: A spermatozoon, 
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3, Volume of semen in a single ejaculation jg 4 i 
after a few days’ abstinence. 55 in 

4, Normal sperm count is 40-100 million/my, 
below 20 million/mL indicates sterility. 50%, o¢, 
with sperm count between 20 million/r, 
million/mL are sterile. Abnormal sperms jf 
20%, also lead to sterility. 

5. Semen contains fructose which serves as a - 
prostaglandins, citrate, ascorbic acid, zinc, etc 


OUn; 
Epers,, 
‘i and mu 
More than 


Uttien, 
A high sperm count is essential for two reasons: Firstly, ; 
exceedingly small percentage of deposited sperms die 
to reach the site of fertilization. Secondly, penetration 
the ovum requires a large amount of acrosomal enzyme 
which can only be derived from many sperms, 


Function of Accessory Sex Glands 


1. Seminal vesicles secrete fructose, prostaglandin, 
(wrongly believed to be secreted from prostate) an, 
fibrinogen. 

2. a. Prostate secretes an alkaline fluid which neutralizes 
acidity of the vaginal tract. This is very useful as the 
sperms thrive better in alkaline medium. 

b. Also, prostate secretes clotting factors, fibrinolysin, 
and zinc. The clotting factors clot fibrinogen secreted 
from seminal vesicles. This helps the deposited 
semen to stick temporarily to the vagina. This 
prevents removal of semen with penile movements. 

Soon, however, fibrinolysin liquefies the clot and 
mobility of sperms is restored. 

3. Bulbourethral glands secrete mucus, which acts as 
lubricant for the coital action. 


Bf FACTORS INFLUENCING SPERMATOGENESIS 


1. Follicle-stimulating hormone (FSH) plays an important 
role in spermatogenesis as follows: 

a. Ithelpsinmaturation ofspermatids into spermatoz0¢ 
Spermatids are converted to spermatozoa by 4 
remodeling process, which includes shedding 
cytoplasm and also some organelles. 

b. Also, FSH stimulates Sertoli cells co product 
androgen-binding protein (ABP), which helps 
in maintaining high level of androgen requ" 
for spermatogenesis. In fact, androgen especially 
testosterone is concentrated about 0 umes. 

2. Luteinizing hormone (LH) stimulates Leydig cells © 
secrete testosterone, which promotes spe!!naloge nes 


Luteinizing hormone is also called interstitial cell: 
stimulating hormone (ICSH) in the male a 
it stimulates Leydig cells, which are present 1n in 
interstitium of testis, to secrete testosterone. 
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: ao nh for sper- 
matogenesis. This is maintained by the following fac- 


Ors: 

. The close proximity of testosterone-secreting Leydig 
cells to the seminiferous tubules helps secreted 
testosterone to easily reach the seminiferous 
tubules by permeation, e.g. paracrine effect. 

b, Androgen-binding protein secreted from Sertoli cells 
helps by increasing local androgen concentration, 
By binding with androgen, it prevents lipid-soluble 
androgen from escaping into the seminiferous 
tubule lumen. 

c. Blood-testis barrier helps in reducing drop in 
testosterone level. 

d. Acountercurrent exchange system prevails between 
the oppositely directed blood flow in the spermatic 
veins and arteries. 

This helps in preserving high testosterone level in 
the testis (see later). 


One should however note that although both FSH and 
testosterone help in spermatogenesis, presence of 
testosterone solely can cause spermatogenesis. FSH has 
a stimulatory effect, but it is not absolutely essential for 
spermatogenesis, 


4. Sertoli cell plays a pivotal role in spermatogenesis: 

a. Under the influence of FSH, Sertoli cell secretes 
ABP, inhibin, several growth factors, and aromatase. 
ABP elevates local androgen concentration while 
inhibin inhibits FSH by negative feedback. 

_It helps in the maturation of spermatids. During 
spermiogenesis, Sertoli cells phagocytose cytoplasm 
of spermatids called ‘"residual body”, This transfers 
regulatory molecules from spermatids to Sertoli 
cells. The Sertoli cell, in turn, supplies essential 
nutrients to the developing germ cells. 

It helps in forming the blood-testis barrier. 

d. It provides mechanical support for the maturing 

spermatozoon precursors. 

©. High glycogen content of Sertoli cells may provide 

nutrition to the maturing germ cells. 


om 


Other functions of Sertoli cells 
a, Millerian-inhibiting factor (MIF) secreted by Sertoli 
Cells causes regression of Miillerian duct system. 
b. Sertoli cells secrete H-Y antigen, which is responsible 
lor development and differentiation of testis. 
“ Sertoli cells secrete a fluid rich in K* and HCO,. This 
helps in forming an osmotic gradient that draws fluid 
om the basal part of Sertoli cells towards the lumen. 
Is flow of fluid facilitates passage of sperms from 
testis to epididymis. 
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, \ high testosterone level locally is essential 


d. Sertoli cells and, to some extent. Leydig cells and 
sperms produce estrogens from androgens such as 
testosterone with the help of aromatase synthesized by 
them in response to FSH. 


Note: Recent studies indicate that estrogen is necessary 
for normal spermatogenesis and also male sexuality. Also, 
the high estrogen concentration in rete testis probably 
helps in concentrating sperm by absorption of fluid. 


9°. Temperature: 
a. Scrotal temperature of about 32°C, which is 
cooler than the normal body temperature, favors 
spermatogenesis. 


The cremaster muscle helps in maintaining the normal 
scrotal temperature. During cold, the cremaster contracts 
pulling the testis upwards close to the abdomen keeping 
it warm. On the contrary, when it is hot, the cremaster 
relaxes causing the testis to fall downwards and this 
lowers temperature of testis and scrotal tissue. 


b. If the testis is kept at body temperature for 
prolonged periods, as in experimental conditions 
or in cryptorchidism, spermatogenesis stops with 
degeneration of seminiferous tubules. 

(In cryptorchids, the undescended testis remains in 
the abdominal cavity.) 

c. Countercurrent exchange of heat between the 
oppositely directed blood flow in the spermatic 
arteries and veins also helps in keeping the testis at 
a cooler temperature. 


Due to countercurrent blood flow in spermatic veins and 
arteries, testosterone is transferred from the spermatic 
veins to spermatic arteries. On the other hand, heat is 
transferred from warm arterial blood to cooler venous 
blood. In this way, the high local testosterone level and 
cooler temperature in the testis are maintained. 


6. Growth hormone, thyroid hormone, vitamins B, Eand 
C are supposed to help in spermatogenesis. 


Bf TESTOSTERONE 


Testosterone is the male reproductive hormone secreted 
by Leydig cells of the testis. Chemically, it is a 19-carbon 
steroid. It is synthesized trom cholesterol esters in Leydig 
cells. Daily testosterone secretion amounts to about 4-9 mg. 


ff BIOSYNTHESIS 


|. Asin adrenal cortex, cholesterol is first converted into 
pregnenolone, which is hydroxylated by 17-hydroxylase 
to 17-hydroxypregnenolone. 
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Fig. 72.5: Biosynthesis of testosterone and d 
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. This, in tum, is converted by 17, 20 lyase into dehydro- 
epiandrosterone (DHEA). DHEA is dehydrogenated 
into androstenedione. 

. In an alternative pathway, pregnenolone is first 
converted into progesterone and ultimately transformed 
into androstenedione. 

4. Androstenedione is the common precursor for 

synthesizing testosterone. Testosterone is again 

converted into dihydrotestosterone (DHT) by the 

enzyme 5-a-reductase (Fig. 72.5). 
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Bf} MECHANISM OF ACTION 


1. Like a typical steroid hormone, testosterone passes 
through cell membrane and combines with its 
intracellular receptor. 

2. The hormone-receptor complex then binds to specific 
regions of the DNA and influences transcription of 
messenger ribonucleic acids (mRNAs) and protein 
synthesis. 

3. Testosterone behaves as a prohormone in that it is 
converted to DHT in many target organs by the enzyme 
5-a-reductase. 

4. Dihydrotestosterone is essential for the pubertal 
enlargement of the prostate and probably also of the 
penis. Finasteride, an inhibitor of 5-a-reductase (type 
two, which specifically acts on genital tissues), is used 
for the treatment of benign hypertrophy of prostate. 

5, Dihydrotestosterone is also responsible for growth of 
facial hair, acne, and characteristic hair pattern of the 
male. 

6. On the other hand, testosterone is responsible for the 
development of epididymis, vas deferens, and seminal 
vesicles. It is also responsible for male sex drive, libido, 
and increased muscle mass. 


i FUNCTIONS OF TESTOSTERONE 


1. Functions related to reproduction: 
a. Testosterone, together with FSH, is necessary 
for spermatogenesis. It is essential for motility of 
sperms and their fertilizing power. 





Section 10: Reproductive system 


OH OH 


1) — f to 


Dihydrotestosterone (DHT) 


ihydrotestosterone. 


b. Under the influence of testosterone, Wojge 
system differentiates into the epidig 
deferens, and seminal vesicles. On the 5 
DHT promotes differentiation of uroge 
and genital tubercle into prostate, pen 
and scrotum. 

c. Testosterone is responsible for the secondar, sen; 

d di 
characters, such as, growth of facial hair, tempp,. 
recession of hairline, masculine shape of the bo, 
laryngeal enlargement with voice changes, «, 
Most of these actions are attributed to DHT. 

d. Testosterone also maintains the secretion ,; 
accessory sex organs, such as, the prostate ang 
seminal vesicles. 

e. Testosterone is responsible for the male sex drive 
and libido. 

f. Testosterone is responsible for descent of the tests 
from the abdomen to the scrotal sac during fetallile. 

2. Anabolic functions: 

a. Testosterone stimulates cell division, growth, 
and maturation of tissues. It is a protein anabolic 
hormone. 

b. Testosterone stimulates linear growth and increases 
muscle bulk. However, it also induces epiphysew 
fusion of long bones. 
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Note: LH induces testosterone secretion from Leydig ce! 
and this achieves a high testosterone concentration close 
to Sertoli cells, which secrete ABP. This is conducive © 
spermatogenesis. In contrast, exogenously administet®é 
testosterone (e.g. used therapeutically) achieves 4 low 
testosterone concentration in seminiferous Ubu 
Moreover, testosterone concentration 10 seminifero 
tubules is reduced further as exogenous restosterelt 
inhibits LH which normally stimulates pestosten 
secretion. Thus, exogenous testosterone ea 


spermatogenesis and may cause inferulily. 


; eo sy, polly 
c. Testosterone causes retention o! nitrost I, | 


sium, and phosphorus. 

d. Testosterone is responsible fo 
shape of the male body, e.g. development 
shoulders and narrow waistline. 
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gole of estrogen in male: 

petrogen receptors are present in vari 
male reproductive system, Deficie 
receptors and aromatase enzyme ar 

infertility. . 

», Some testosterone is converted to estr 
in the male, stimulates replication of ¢ 
formation of cartilaginous matrix, and 
calcium in bone matrix. 

However, testosterone itself causes de 
bone subperiosteally. So bones are st 
stouter in men than in females, 
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J REGULATION OF TESTICULAR ACTIVITY (Fic. 12.6) 


|. a. The hypothalamus secretes gonadotropin-releasing 
hormone (GnRH). It acts on the anterior pituitary 
causing secretion of the hormones FSH and LH. 

b. Luteinizing hormone acts on Leydig cells of the testis 
to secrete testosterone. FSH acting directly, together 
with testosterone, influences spermatogenesis. 

2. a. The Sertoli cell in the seminiferous tubule secretes 
a polypeptide called inhibin which specifically 
inhibits FSH secretion from the anterior pituitary. 
(There are two forms of inhibin—inhibin A and 
inhibin B. Inhibin B is the physiologically active 
form.) 

b. The testis secretes testosterone from Leydig cells 
under the influence of LH. This testosterone, 
however, exerts a negative feedback action on the 


Hypothalamus 
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Testosterone if 


Fig. 72.6: Regulation of testicular activity. 
(FSH; follicle-stimulating hormone; GnRH: gonadotropin-releasing 
hormone; LH: luteinizing hormone) 
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anterior pituitary thus inhibiting further secretion 
Of LE, 

C. Secretion of LF is also inhibited indirectly as 
circulating testosterone inhibits GnRH secretion 
from hypothalamus by negative feedback. This 

inhibition of GnRH reduces secretion of LH from 

anterior pituitary. 


Note: One should note that testosterone specifically 
inhibits LH secretion by negative feedback whereas 
inhibin specifically inhibits FSH secretion. 


Recent studies have shown that testosterone does not 
directly inhibit GnRH-secreting neurons in hypothalamus. 
Testosterone inhibits Kiss] neurons present in arcuate 
nucleus in hypothalamus. Inhibition of Kiss] neurons, in 
turn, inhibits GnRH-secreting neurons of hypothalamus. 
This is because testosterone receptors are present in Kiss! 
neurons, but not in GnRH-secreting neurons. 


Erection and Sildenafil 


1. Sexual excitement in the male initially causes elongation 
and hardening of penile tissue called erection. This is 
caused by arteriolar dilation resulting in rapid flow 
of blood into the cavernous sinusoids present in the 
erectile tissue of the penis. Also, the veins are partly 
occluded which adds to the tissue turgor. 

2 During erection, afferent impulses from genitalia are 
integrated in the lumbar segments of the spinal cord. 
Efferents run along pelvic splanchnic nerves and they 
secrete acetylcholine, vasoactive intestinal polypeptide 
(VIP) and most notably nitric oxide (NO). 

3 Nitric oxide activates guanylyl cyclase with production 
of cyclic guanosine monophosphate (cGMP) which has 
a marked vasodilator effect helping in erection. 

4 Cyclic guanosine monophosphate is destroyed by 
phosphodiesterase which is inhibited by the drug 
sildenatil. Thus, sildenafil prolongs the action of cGMP 
and helps in sustaining erection. That is why it is used 
as an effective drug for erectile dysfunction. 

5 Sildenafil inhibits phosphodiesterase present in penis 
as well as that present in retina. Phosphodiesterase in 
retina is concerned with blue-green vision in cones. So, 
administration of sildenafil, in addition to improving 
erection, also causes transient disturbance in blue- 
green Vision. 
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Bf INTRODUCTION 


There are two essential differences between the male and 
female reproductive system as follows: 

a. Level of the male sex hormone testosterone remains 
unchanged whereas female sex hormones estrogen 
and progesterone show major cyclic changes in 
concentration. 

b. Sperm production in the male is a continuous process 


whereas ovulation occurs once in one monthly 
menstrual cycle. 


Bi THE FEMALE REPRODUCTIVE ORGANS (FIG. 73.1) 


‘The female reproductive organs comprise: 
a. The gonads in the form of two ovaries. 
b. The accessory sex organs consisting of the fallopian 
tubes, uterus, cervix, and upper end of vagina. 
c. ‘The external genitalia consisting of the lower part of the 
vagina, clitoris, and the labia majora and minora. 


§f THE MENSTRUAL CYCLE 


1. The female reproductive organs undergo characteristic 
cyclic changes apparently in preparation for fertilization 
and conception. 

2. In primates, there is shedding of the uterine epithelium 
at a regular interval along with bleeding. This is termed 
menstruation and the cycle of related events occurring 
regularly is called the menstrual cycle. 

3. In humans, the menstrual cycle is 28 + 4 days long. By 
convention, the days are numbered from the day of 
onset of menstruation. 

Thus, the day of onset of menstruation is the first day 
of the menstrual cycle. 









Female Reproductive Systen, 


Uterine tube 
Fundus of 


Fimbriae 
Ovary 


Ovarian 


Uterine cavity 
igament 





Cervix 


Vagina 


Fig. 73.1: The female reproductive organs. 


Bf FOLLICULOGENESIS IN THE OVARY (FIG. 73.2) 
A. 1. The ova are all formed in the fetal life and they lie 


inside the primordial follicles. During fetal life, as 
many as 7 million primordial follicles are formed in 
the ovary. Many of them degenerate and at birth, the 
number drops down to 2 million. However, only hal 
of them are viable. 


. The ova in the primordial follicles undergo the fs 


phase of first meiotic division and get arrested inthe 
Stage of prophase. The oocyte maturation inhibitor 
secreted from granulosa cells is presumed (0 7 
responsible for the arrest in prophase. This pee 
arrest continues till the period just before A 
when the first meiotic division is completed yee 
the production of the secondary oocyte and the f 
polar body. 
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The secondary oocyte immediately ent at the 
the second meiotic division. This is a re ovull: 
metaphase stage until a sperm fertil!zes 
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Figs. 73.2A to E: Different stages of ovarian cycle. (A) 
(D) Corpus lute 


One should note that the sperm actually fertilizes 
the secondary oocyte which is released during 
ovulation. Only after fertilization, the second 
meiotic division takes place releasing the mature 
ovum and the second polar body. 


. At the time of fertilization, the second polar body 


is given off and the fertilized ovum is now ready to 
multiply into the new offspring. (The polar bodies 
degenerate simply because after cell division, 
the polar bodies are devoid of cytoplasm which is 
almost totally retained by the secondary oocyte or 
the ovum). 


. Insharp contrast to the testis which goes on produc- 


ing hundreds of millions of sperms everyday, the 
ovary produces a solitary mature ovum every month. 


. As already mentioned, a large number of oocytes 


undergo atresia so that, at birth, only 2 million 
primary oocytes survive. At puberty, the number 
falls further to only 300,000. Only about 450 of these 
attain the mature stage in the female reproductive 
life. At menopause, most of the ovarian follicles are 
exhausted. 

We have seen that development of the primary 
oocyte is arrested at the prophase stage of meiosis. 
this prophase stage of meiosis in a primary oocyte 
ay persist for a period varying between 13 years 
and 50 years as ovulation may occur soon after 
menarche to just before menopause. 


“hroinosomal abnormalities sometimes seen in the off- 
‘bring born to older females may be related to the ageing 
Process of an ovum which may be nearly 50-year old. 





4. At the onset of meiosis, the oocyte becomes 


surrounded by a single layer of flat, squamous 
cells (follicle cells or pregranulosa cells) which 
Will ultimately form the granulosa cells. These cells 
ate connected to the plasma membrane of oocyte 

Y 8ap junctions. A basal lamina separates the 
‘vascular pregranulosa cells from the surrounding 
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Primordial follicle; (B) Developing follicle; (C) Graafian follicle: 
um; (E) Corpus albicans. 


stroma. This stage is called primordial follicle which 
has a diameter of 25 u. 


. In the next stage, after a variable quiescent period, 


the primordial follicles “wake up” from the 
dormant state. The first step is the conversion of flat 
pregranulosa cells into cuboidal granulosa cells. At 
this stage, the follicle is called primary follicle. In this 
Stage, the oocyte and follicle grow rapidly. Paracrine 
signals now pass between oocyte and surrounding 
follicle. Glycoproteins (ZP1, ZP2, and ZP3) secreted 
from the growing oocyte form a protective covering 
around the oocyte called zona pellucida. However, 
gap junctions maintain communication between 
granulosa cells and oocyte via cellular projections 
passing through zona pellucida. 

Through these gap junctions, nutrients like 
glucose, amino acids, etc. enter the oocyte from the 
granulosa cells. Also, signaling molecules pass in 
either direction through the gap junctions, bringing 
about the changes that occur in the maturing oocyte 
and granulosa cells. 


. The granulosa cells repeatedly divide and become 


multilayered. At this stage, the follicle is called 
secondary follicle. The stromal cells outside 
the basal lamina differentiate into theca cells 
in response to paracrine factors secreted from 
granulosa cells. The flattened theca cells surround 
the basal lamina which is the outermost layer of the 
follicle. The theca cells differentiate into an inner 
theca interna and an outer theca externa. A capillary 
network forms between theca externa and theca 
interna and supplies blood to the follicle. 


. At this stage, the follicle is called mature preantral 


follicle. In a mature preantral follicle, the following 
structures are arranged from the center outwards: 
ayer 
8-9 cells thick -> basal lamina > theca interna —» 


capillary network — theca externa. Development 
up to this stage is FSH-independent. 





- a} c — 


Section 10: Reproductive System 


8 The next FSH-dependent stage is called tertiary 
follicle or antral follicle, In this stage, a fluid: 
filled cavity appears within the granulosa cells. 
Granulosa and theca cells continue to grow, The 
number of granulosa cells increase about 100-told. 
Simultaneously, the size of the antrum increases. 
these tertiary follicles continue to grow under the 
influence of secreted FSH. 

. At this stage, the granulosa cells differentiate into 
four regions: 

a. Corona radiata which immediately surrounds 
zona pellucida. 

b. Membranous part which adjoins the inner aspect 

of basal lamina. 

. The periantral part surrounding the antrum. 

d. The cumulus oophorus, a stalk-like portion which 
connects corona radiata to the membranous 
part. 

At this stage, theca cells begin to develop LH 

receptors. LH stimulates production of andro- 

gens which are aromatized by granulosa cells 
into estrogens. Thus, estrogen level shows an 
increase. 

10. One should note that the majority ofa large number 

of primordial follicles which started developing 

together, has undergone atresia by the process of 
apoptosis. 
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Bf OVARIAN CYCLE WITH BRIEF HORMONAL BASIS (FIG. 73.3) 


1. At the beginning of a menstrual cycle, estrogen and 
progesterone levels fall to low levels (loss of this 
hormonal support to endometrium contributes to 
menstruation). Absence of negative feedback by 
estrogen and progesterone leads to rise in FSH and 
LH—the two gonadotropic hormones secreted from 
the anterior pituitary. 

. As FSH begins to rise, usually 5-7, but up to 20 preantral 
and early antral follicles (2-5 mm in diameter) begin 
to grow. This marks the beginning of the ovarian cycle 
(ovarian changes in a menstrual cycle) where a small 
cohort of growing preantral and early antral follicles 
will ultimately lead to ovulation to be followed by 
postovulatory changes that will end in menstruation 
in the absence of pregnancy. 

It should be remembered that in the ovary, during 
folliculogenesis, a primordial follicle has gone through 
the stages of primary and secondary follicles (FSH- 
independent) before it finally develops into a tertiary 
or antral follicle (FSH-dependent). 

One should also note that FSH-independent growth 
of preantral follicles takes place for several months. 
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Fig, 73.3: Hormonal changes and uterine changes in the differen 
phases of menstrual cycle. 
(BBT: basal body temperature) 


This is followed by development of early antral follicle 
which takes place for about 45 days. Finally," the 
terminal cycle, some follicles which are highly sensitt 
to FSH, are selected or recruited for rapid grow" 

3. By the 6th day of the menstrual cycle, one of the 
continues to grow while others degenerate. The 
follicle is called the dominant follicle while thos® 
degenerate, are called atretic follicles. -_ 

4, Estrogen level increases in the follicular eS 
response to FSH. FSH, acting indirectly via LH ve | 
induces synthesis of increased number of LH rece ‘his 
stimulates theca cells to synthesize androge™ 
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__ 
genis aromatized by aromatase in granulosa cells 
uce estrogen. 
¢ FSH level shows a fall due to the negative 
ffect of rising estrogen level and also partly 
ecreted inhibin. The degeneration of the atretic 
s believed to be due to this suppression of FSH. 
growth is sustained in the dominant follicle 
jue to its power to secrete larger amounts of estrogen 
andits greater sensitivity to even the declining FSH due 
to presence of large number of FSH receptors in it. 
Another probable reason Is that its growth is also 
stimulated by LH as by now the dominant follicle has 
lenty of LH receptors synthesized under the influence 
of FSH. Thus, in the last part of the follicular phase, LH 
sensitivity of granulosa cells increases due to increase 
‘n number of LH receptors. This increases quantity of 
aromatase in granulosa cells and facilitates onset of LH 


Now, th 
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surge: 
at about the middle of the ovarian cycle, the growing 


follicle is called the Graafian follicle. The ovum is now 
about 115 wm in diameter. The Graafian follicle, which 
by now is about 1.5 cm in diameter, is found to bulge 
outwards on the surface of the ovary. 


-Qnabout the 15th day of the cycle, the Graafian follicle 


ruptures. The ovum, surrounded by cumulus oophorus 
cells, is expelled into the abdominal cavity. 

Ultimately, the ovum enters into the fimbriated ends 
of the fallopian tube and is carried to the uterine cavity. 
({ not fertilized, it is expelled along with menstrual 
blood outside the body through the vagina. 

Rupture of Graafian follicle causing ovulation is 

believed to result from: 

a. Rise in pressure of fluid. 

b. Ischemia leading to necrotic changes. 

c. Due to the action of proteolytic enzymes like 
plasminogen. 


. Ovulation is caused by a peak LH level (increased 6 to 


5-fold) occurring 24 hours previously. ‘Ihe rupture of 
Graafian follicle with ovulation is caused by this L! 
surge, 

Normally, the rising level of estrogen exerts a negative 
feedback effect on hypothalamic-hypophyseal axis. 

However, high level of estrogen (200 pg/ml) 
persisting for more than 50 hours, causes a change of 
negative feedback effect to positive feedback effect on 
hypothalamic-hypophyseal axis. 

Asa result, LH secretion increases markedly. 1his is 

Own as LH surge which causes ovulation. 


Following ovulation, the ruptured follicle is filled with 


i This is now called corpus hemorrhagicum. 
ii the granulosa and theca cells proliferate 
teplace the clotted blood with yellow, lipid-rich 
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cells called luteal cells, which now form the corpus 
luteum, 


. Corpus luteum secretes estrogen and progesterone 


which are mainly responsible for the various changes 


in the luteal phase of the menstrual cycle. 


. Corpus luteum secretes estrogen and progesterone 


in large quantities. The high levels of estrogen and 
progesterone now have a negative feedback effect on 
pituitary resulting in reduced secretion of PSH and LH. 
(The high estrogen level does not trigger LH surge due 
to presence of progesterone which strongly inhibits LH 
and FSH secretion). 

Decreased level of LH along with decreased sensitivity 
of corpus luteum to LH in absence of pregnancy causes 
regression of corpus luteum by 24th day of menstrual 
cycle. (Itis believed that the high estrogen level in luteal 
phase possibly contributes to LH insensitivity of corpus 
luteum). 

PGF, possibly combining with endothelin-1 is 
believed to play an important role in causing regression 
of corpus luteum (luteolysis). 

Regression of corpus luteum lowers estrogen and 
progesterone level. Withdrawal of hormonal support 
to endometrium results in menstruation. 


. Ifthere is no pregnancy, the corpus luteum degenerates 


by the 24th day of the cycle and menstruation follows. 
The scar tissue replacing the degenerated corpus 
luteum is known as corpus albicans. 


. However, if pregnancy occurs, the corpus luteum 


continues its activity under the influence of hCG 
secreted by the placenta. So, menstruation does not 
occur. 

This corpus luteum is called corpus luteum of 
pregnancy and the hormones secreted by it are 
essential for fetal growth in the early weeks (up to 6-10 
weeks). 


;. If ovariectomy is done within 6 weeks of pregnancy, 


the actively functioning corpus luteum of pregnancy 
present in the ovary, which is the sole source of 
ovarian hormones, is removed. This leads to abortion 
(fetal death due to lack of growth-promoting ovarian 
hormones). 

{lowever, ovariectomy alter 6- 10 weeks of pregnancy 
does not interfere with fetal growth as, by now, the 
placenta is mature and it can produce the essential 
hormones independently, 


esis versus Spermatogenesis 


Oogenesis and spermatogenesis have several important 
a ‘ 

differences: 

I. 


In oogenesis, a single ovum is produced in one 
menstrual cycle spanning about a month In contrast 
e 7 S ; 
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in spermatogenesis, several hundred million sperms 
are produced daily. 


. Amature ovum contains a sizeable cytoplasm which 


Will nourish the would be zygote whereas a sperm has 
shed its cytoplasm and some organelles. 


. Whereas a mature sperm is produced in 64 days, an 


ovum requires 11-50 years to become mature enough 
for fertilization, 


. During oogenesis, as the polar bodies formed during 


meiotic division of the primary and secondary oocyte 
degenerate, there is considerable chromosomal 
wastage. This, however, does not occur during 
spermatogenesis. 


Bf CHANGES IN THE UTERUS—THE MENSTRUAL CYCLE 


The menstrual cycle has three phases. The secretory phase 
prepares the uterus for implantation and nutrition of the 
ovum. If implantation does not occur, the hypertrophied 
endometrial lining is sloughed off in the menstrual phase. 
In the follicular phase, the endometrial lining is repaired 
and made ready for the succeeding ovulation. 


Note: One should note that the terms follicular phase 
and luteal phase are used to describe phases in the 
ovarian cycle whereas the terms proliferative phase and 
secretory phase are used to describe the same phases in 
the endometrial (menstrual) cycle, respectively. 


1. Proliferative phase (follicular phase): 


a. This phase starts at the end of menstruation. 
During menstruation, the superficial two-thirds of 
the endometrium called the stratum functionale is 
sloughed off while the basal one-third called the 
stratum basale persists. 

b. Inthe proliferative phase, also known as the follicular 
phase, the superficial layer of the endometrium 
grows up again. 

c. The proliferative phase lasts for about 10 days, but 
may vary considerably. Growth in this phase is 
largely dependent on estrogen secreted from the 
ovarian follicle. 

d. As the growing endometrial layer becomes thick, the 
glands become elongated. There is proliferation of 
blood vessels, stromal cells and surface epithelium. 

e. The myometrium shows contractile activity which 
may be helpful in sperm transport. 

f. The cervical secretion is thin which permits the 
entry of sperms (see below). 

g. This phase ends with ovulation. 


_ Secretory phase (luteal phase): 


a. This phase constitutes the last 14 days of the men- 
strual cycle and its duration is remarkably constant. 
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b. During this phase, the endometriy 
and hypertrophied, 

c, Glands undergo change in shape. th. 
elongated and coiled. Also, they secre : eC, 

viscous glycogen-rich fluid. 4 thig, 

In this phase, stromal cell cytoplasrn jg 

in volume. Glycogen and lipid accumulate)... 

stromal cells. These can provide ney € ing 

to the ovum after fertilization until jt 
alternative nutritive sources, 

e. Coiled spiral arteries supply stratum functional, | 
superficial two-thirds of endometrium, [, on 
short and straight basilar arteries supply str. i 
basale, the deeper one-third of endometriur, atiirr 

f. These changes are brought about by the combi 
action of estrogen and progesterone ee 
from the corpus luteum. So, this phase j< Ene: 
as luteal phase. This phase prepares the utery, 
implantation of the fertilized ovum. ° 

g. In this phase, cervical secretion becomes thick 
preventing entry of sperms. At the same bitte 
excitability of uterine muscle is inhibited }, 
progesterone. This minimizes any chance ;s 
abortion of the conceptus. 


M Hee 
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Several factors, acting via higher centers, may influence 
the occurrence of menstruation. 

An important example is the synchronizing of 
menstruation in roommates. Itis believed that pheromones, 
by acting on olfactory neurons, regulate GnRH secretion 
and this leads to the abovementioned synchronization. 

Stress affects the limbic system which, through 
its connections with hypothalamus, may suppress 
menstruation. 

Thin and overactive women and also women who 
perform severe exercise may suffer from amenorrhea. It 
appears that women require the presence of sufficient 
amount of body fat for menstruation to occur. Concurrent 
secretion of leptin from adipose tissue helps in initiating 
menstruation. 


3. Menstrual phase: 

a. If pregnancy does not occur, the corpus luteum 
involutes after the 24th day. 

b. The endometrium is deprived of hormonal suppo" 
as the secretion of estrogen and progesterone from 
corpus luteum drops sharply. 

c. The endometrium becomes thin and 
of arteries occurs. Vasospasm occurs in U 
arteries. This leads to focal areas of necrosis 4 
hemorrhage in the endometrium. [hese becom* 
confluent and ultimately produce menstrud 
bleeding. 


further coiling 
1e spira 
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set of menstruation is probably triggered 
py the coiling of the spiral arteries logether with 
vasospasm induced by prostaglandin, Vasospasm 
spoduces ischemia in endometrial cells. 

As a result, lysosomes in these cells undergo 
rupture. This causes release of proteolytic enzymes 
which ultimately lead to shedding of endometrium. 


qd. The on 


saglandins have two effects during menstruation, 
ar the terminal part of secretory phase, as 
strogen and progesterone concentrations fall to lower 
revels prostaglandins are secreted, They cause vasospasm 
which ultimately results in death of endometrial tissue due 
fo hypoxia. Subsequently, the disintegrating endometrial 
sissue is sloughed off resulting in menstrual flow, 

secondly, at this stage, prostaglandins cause mild 
degree of uterine contraction which helps in expulsion 
ofmenstrual contents out through the vagina. Overactive 
prostaglandin-induced uterine contraction during this 
premenstrual phase can cause painful cramps which are 
characteristic of the syndrome of dysmenorrhea. 


j . 


J MENSTRUAL CONTENTS 


|. Normal menstruation contains blood mixed with 
shed endometrium, prostaglandins, and considerable 
amounts of fibrinolysin. The shed blood is mainly of 
arterial origin. 

2. The fibrinolysin present in menstrual blood dissolves 
any clot formed. Hence, menstrual blood does not show 
any clot. However, when the bleeding is excessive, the 
blood is not sufficiently exposed to fibrinolysin and 
blood clots may occur. 

. Thenormal duration of menstrual flow is 3-5 days with 
a range from | day to 8 days. The amount of menstrual 
blood lost ranges from a few mL to 80 mL, with an 
average loss of 30 mL. Blood loss in excess of 80 mL is 
considered abnormal. 

. The amount of bleeding depends on the thickness of 
ihe degenerated endometrium, the functional status 
of the clotting mechanism, drugs, etc. 
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EC: NGES IN THE CERVIX 


|, Although the cervix is a part of the uterus, the cervical 
epithelium does not undergo cyclical changes like the 
endometrium. However, the cervical secretion shows 
qualitative changes in the different phases of the 
menstrual cycle, 

In the proliferative phase, under the influence of 
estrogen, the cervical mucus becomes thinner and 


alkaline. This facilitates entry of sperms into the uterine 
Cavity, 


~m 
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4. Incontrast, inthe secretory phase, under the influence 


of progesterone, the cervical mucus becomes thick and 
tenacious forming a mucus plug in the cervical opening. 
This obstructs entry of sperms into the uterus. At the 
same time, the mucus plug prevents entry of bacteria 
into the uterus and this serves an important defensive 
function, 


. At the time of ovulation, the cervical mucus is thin and 


elastic. It can be stretched out into threads, about 10-12 
cm long. This property of elasticity of cervical mucus 
due to high estrogen level is known as “ spinnbarkeit °. 
Also, when a thin layer of mucus is spread on a slide, 
it produces a typical fern-like pattern on drying. In the 
postovulatory period, with rise in progesterone level, 
the cervical mucus becomes thick and no longer shows 
the fern-like pattern. 


Bf CHANGES IN THE VAGINA 


he 


a: 


In the proliferative phase, estrogens stimulate cornifica- 
tion of the vaginal epithelium. 

In secretory phase, progesterone predominates and 
causes leukocytic infiltration of the vaginal epithelium 
which also secretes thick mucus. 


Bf INDICATORS OF OVULATION 


i 


Spinnbarkeit (see above). 


2. Fern test: The fern-like pattern shown when the cervical 


mucus is spread on a slide is another indicator of 
ovulation. 


. Basal body temperature: It begins to rise just after 


ovulation. This progesterone-induced rise in basal body 
temperature is an important indicator of ovulation, 
sometimes utilized as a useful method of contraception. 


. Blood escaping into peritoneal cavity at the time of 


ovulation may cause irritation which may lead to pain 
and discomfort. This also indicates ovulation. 


. Urinary and plasma estrogen levels reach peak value at 


the time of ovulation. 


. Plasma gonadotropins (FSH and LH) levels peak at the 


time of ovulation. 


HORMONAL CONTROL OF THE MENSTRUAL CYCLE 
(FIG. 73.3) (IN DETAIL) 


A, 


1, The menstrual cycle is influenced by estrogen and 
progesterone, which are hormones secreted by the 
ovary. 

. Secretion of these hormones is under the control of 
pituitary gonadotropins FSH and LH. Secretion of 
these pituitary gonadotropins, in turn, are regulated 
by gonadotropin releasing hormone (GnRH) 
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secreted from the hypothalamus. At the same time, 
there is a negative feedback effect of estrogen and 
progesterone both at the hypothalamic and at the 
pituitary level, inhibiting secretion of GnRH from 
hypothalamus and PSH or LH from the anterior 
pituitary, 


. GnRH has a peculiar pulsatile nature of secretion, 


being released in episodic bursts. This ts 
presumed to play an important role in preventing 
downregulation of hormone receptors. 


. This is proved by an experiment which showed that 


a constant infusion of GnRH stops LH secretion 
while GnRH administration in pulses stimulates 
LH and FSH secretion. It should be noted that low 
frequency of GnRH pulse favors FSH secretion 
whereas high frequency of GnRH pulse leads to LH 
secretion (see below). 


. At the onset of menstrual cycle, estrogen and pro- 


gesterone levels are low. In the absence of negative 
feedback from these ovarian hormones, FSH and LH 
levels tend to increase. 


. In the follicular stage, FSH and estrogen are the 


dominant hormones. Initially FSH is secreted 
in greater quantities than LH in follicular phase 
because frequency of GnRH pulse is lowat this stage. 


. The synthesis of estradiol in the follicular phase 


takes place through a series of steps: 

a. FSH stimulates growth of granulosa cells in 
ovarian follicle due to presence of large number 
of FSH receptors in granulosa cells. FSH 
enhances estradiol synthesis due to increased 
activity of aromatase in granulosa cells. 

b. LH receptors in theca cells also increase in 
number under the influence of FSH. This 
augments the effects of LH on theca cells. LH 
stimulates androgen production in theca from 
cholesterol by increasing the activities of side- 
chain cleavage enzyme, 3f-hydroxysteroid 
dehydrogenase, and 17-hydroxylase. The 
synthesized androgens migrate to granulosa 
cells where they are converted to estrogen by the 
action of aromatase. 

c. One should note that the theca cells can 
synthesize androgens, but do not have aromatase 
for synthesizing estrogen. On the other hand, 
the granulosa cells lack enzymes to synthesize 
androgens, the precursor of estrogen, but they 
contain aromatase. So, participation of both 
the theca and granulosa cells is required for 
synthesizing estrogen. 

a. In the early part of follicular phase, estrogen and 
inhibin are synthesized, This causes inhibition of 
FSH secretion by negative feed-back. Decline in 
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HSH level causes atresia of the OVari; 
except one which is called the domina, : 
‘This follicle survives because it jg highly. Mollie) 
and it has the largest number of PSH Pay 
‘That is why, in spite of the declining as 
the dominant follicle goes on secretin, " love 
in high concentration in the latter half off lige, 
phase. Miculay 
Another reason why the dominan, fall 
survives is that its growth is now Stimulated 7 “ 
as by now a significant number of [4 rece; _ 
are present in the follicle, stimulate by SH 

b. As the follicular phase progresses, [41 err, 
rises with increase in LH/FSH ratio. [t j< be 
that frequency of GnRH pulse becomes ; 
the latter half of follicular phase and this e 
the rising LH level. 

c. The number of LH receptors in granulosa Cells 
increases in the latter part of follicular Dhase. The 
increased LH sensitivity of granulosa cells: 
¢ Increases the quantity of aromatase. 
¢ Helps in bringing about LH surge. 

. The rising level of estradiol in the follicular phase 
normally exerts a negative feedback effect on the 
hypothalamic hypophyseal axis causing decrease 
in level of FSH. (However, secretion of LH is not 
inhibited because inhibition of LH probably requires 
both estrogen and progesterone. So, estrogen alone 
cannot inhibit secretion of LH significantly). 

2. However, if this high plasma level of estradiol 
(about 200 pg/mL) attained in midcycle persists for 
more than 2 days (>50 hr), the negative feedback 
mentioned above changes to a positive feedback 
effect on the hypothalamic-hypophyseal axis. This 
causes release of GnRH with an associated rapid 
increase in LH secretion known as /.// surge. 

During LH surge, LH secretion manifests as 
fold rise from baseline LH levels. 
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Recent research has revealed that kisspeptin-secteuns 


Kiss1 neurons are present in two areas i!) pothalamus~ 
the arcuate (ARC) nucleus and AVP\ -anteroventtal 
periventricular) nucleus. The kisspeptns stimulate 
GnRH secretion. 

A relatively low estrogen level! in fibits . 
secretion (negative feedback) by inhibiting kisspep 
secretion from Kiss] neurons present |)! \RC ee 
As a result, LH secretion is reduced. On the othe! veri 
high level of estrogen, persisting for a prolonged Hin 
stimulates GnRH secretion by increds!!'s kisser 
secretion (positive feedback) from Kiss ! neurons pres 
in AVPV nucleus. Ultimately this results 1 LLL surge 
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| of estrogen causes LH surge _ — | 


~~. qhe high we 


ways: oo 
», it increas™” sensitivity of gonadotrophs jn 
~ situitary to GnRH pulses, 

lso has a direct effect on the hypothalamic | Note: Estrogen level is moderately high in midiuteal 


n two c. ‘The corpus luteum begins to regress by about 
24th day of the cycle (8th postovulatory day) if 


the ovum is not fertilized. 


hae 
neurons in the preoptic area, Causing anincrease | Phase but this never triggers LH surge. This is attributed 
in GnRH secretion, to the presence of progesterone which strongly inhibits 
rither of these effects increases GnRH activity LH and SH secretion. 
which, in turn, causes LH surge. 2A and 
ah ; . As the corpus sses, estrogen an 
There is also a rise 1n FSH secretion at this time, due , Le Ha ean : It, the 
4.“ -an by GnRH in spi Re Rs progesterone levels become low. As a result, tne 
.o stimulation by GnRH in spite of rise in inhibin. h ‘2 ie released from 
bout 9h ypothalamic-hypophyseal axis 1s release 
= Qvulation occurs a out 9 hours after LH surge. Hepative pedback 
5. escatudeonttaail e . g eedback suppression. | 
0. the possible events taking p me of ovulation So, FSH and LH levels tend to rise along with 
are: . resumption of GnRH pulses. Now a new cycle 
1. The granulosa ce lls, stimulated by the high LH level, begins with onset of menstruation. 
overcome the effects of oocyte maturation inhibitor, 3. Menstruation sets in due to: 
As a result, the arrested meiotic process is now a. Withdrawal of hormonal support, especially that 
completed. of progesterone, to endometrium. 
9. Arachidonic acid derivatives, e.g. prostaglandins, b. Prostaglandin-mediated vasospasm of the 
tortuous endometrial blood vessels leading to 


thromboxanes, and leukotrienes are produced 


locally. They contribute to rupture of the Graafian necrosis and hemorrhage. 
follicle. 
fj HORMONES OF THE OVARY 
Note: Arachidonic acid derivatives act in two ways: 
2, They increase vascularity of the follicles and this These include estrogen and progesterone. 
enhances follicular swelling, The Estrogens (Fig. 73.4) 


», They stimulate actions of enzymes which digest the 
follicular wall. 1. These are C18 steroid compounds found in three forms, 
17B-estradiol, estrone, and estriol. Of these three, 


3. The LH surge temporarily downregulates the LH estradiol is secreted in largest quantity and it is also the 
most potent estrogen. 


receptors of the theca and granulosa cells, which | 

now do not respond to LH. This causes a rapid fall 2. There is no angular methyl group at the 10-position nor 

in estradiol and androgen secretion. This is another is there any double bond between 4 and 5 positions. 

contributing factor to the rupture of the Graafian 

follicle. : 

E. |. a. Following ovulation, corpus luteum is formed, 

which begins to secrete estrogen and particularly 
progesterone in increased quantities. Estrogen 
and progesterone levels become elevated, 
reaching a peak by the 21st day of menstrual cycle. 
The high levels of estrogen and progesterone (and OH O 
also inhibin) exert a negative feedback on the 


Androstenedione 


anterior pituitary. So, now the concentration —— 
of itui H, 
the two pituitary hormones, FSH and L HO | HO 
decrease to basal levels. Wipreetaney Estrone 
b. At this stage, the corpus Juteum gradually OH 
becomes insensitive to LH. This initiates the “i 


regression of corpus luteum unless an LH 
analogue like hCG sustains its activity as in 

Pregnancy. (It is believed that the high estroge” HO : 
level in luteal phase possibly contributes to LH Estriol 


insensitivity of corpus luteum.) Fig. 73.4: Chemistry and biosynthesis of estrogens, 
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_ They are synthesized from the andi 


_ 98% of circulating estradiol is bot 


_ Secretion rate of estradiol varies in 


nulosa cells 


The principal sources of estrogen are the gra 
nd also the 


of the ovarian follicle, the corpus luteum &@ 


placenta. 
ogens like andro- 


stenedione by aromatization, catalyzed by the enzyme 


aromatase. 

Aromatization is conversion of the first hexacarbon 
ring of the steroid nucleus into an “aromatic” benzene 
ring. 
ind to proteins, 70% 
to albumin, and 28% to the gonadal steroid-binding 


globulin (GBG). Thus, only 9% circulates in free form. 
different phases of 


menstrual cycle. It is about 35 pg/day in early part of 


follicular phase, 380 g/day just prior to ovulation, and 
250 yg/day in the middle of luteal phase. 

Thus, the estrogen level shows two peaks—one just 
preceding ovulation and another in midluteal phase. 


Mechanism of Action 


Me 


2 


The mechanism of action of estrogens is similar to the 
other steroid hormones. 

They are lipid-soluble. Hence, they pass through cell 
membrane and combine with a receptor in the nucleus. 
The hormone-receptor complex then binds to DNA and 
stimulates synthesis of specific messenger RNAs with 
formation of new proteins which alter cell function. 


Function of Estrogens 


. 


Effects on the reproductive system: 
a. Estrogens stimulate growth and maturation of the 


ovarian follicles. 

b. Estrogen increases the bulk of uterine muscle 
and amount of contractile proteins. The estrogen- 
primed uterus shows increased excitability and 
spontaneous contractions. It also readily responds 
to oxytocin. 

c. Estrogen increases both the number and height 
of epithelial cells in the endometrium and causes 
proliferation of glands and stromal tissue in 
the follicular phase. Prolonged administration 
of estrogen followed by discontinuation leads 
to withdrawal bleeding due to sloughing of the 
hypertrophied endometrium. 

d. Estrogens increase the motility of the fallopian tube. 

e. Estrogens make the cervical secretion thin and 
alkaline. They are responsible for “spinnbarkeit” 
and fern pattern shown by the cervical mucus (see 
p. 455). 

f. Estrogens help in the growth of the vagina. They 
are also responsible for cornificati {th fi 

inate on O! the vaginal 
epithelium. 
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7. Growth spurt in adolescent gi 


ictive System 
9. Bffect on breasts: 

a. Estrogen promotes growth of ductules, de 
of fat and proliferation of stromal tisstie 
breast. It is chiefly responsible for the in, 
size of breasts in puberty. 

bh, [t also causes pigmentation of the areola 

3 On sexual behavior: Estrogen is respongip 
increasing the libido in females by a direct act 
the hypothalamus. | 
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4. Effect on secondary sexual characters: 


a, Apart from its effect on the uterus, the vagina 
the breasts, estrogen is also responsible, at | a 
partly, for the secondary sexual characters 7 
females. ° 
b. These include: 
¢ Typical body configuration of women hayip, 
small shoulders, large hips, and convergin, 
thighs contrasting with diverging arms with 4 
bigger “carrying angle’ 

¢ Deposition of fat in breasts and buttocks jp 
typical feminine pattern. 

¢ High-pitched voice like children. 

¢ Sparse body hair contrasting with dense scalp 
hair. Also, there is flat topped pattern of pubic 


hair. 


5 On other hormones: Estrogens inhibit FSH secretion. 


Its effects on LH vary under different circumstances. 
Usually, it inhibits LH secretion but high levels ot 
estrogen for a prolonged period causes LH surge. 

Estrogen causes synthesis of progesterone receptor 
in the endometrium. This “estrogen-priming’ 0! 
endometrium is essential for the action of progesterone 
on endometrium. 


6. Effects on metabolism: 


a. Estrogen appears to have significant proteil 


anabolic effect. 
b. Estrogen has an important cholest 
effect. This inhibits atherosclerotic processes 
in women and explains the low incidence 2! 
myocardial infarction in premeno pausal women. 
c. Estrogen also causes salt and water retention. Ih 
explains the increase in weight observed in 
premenstrual phase. 


erol loweril 


rls is stimulated by 


“yhyset 
estrogen. It, however, also contributes (0 epiphy 


closure in females. 

This latter effect is more powerlu! thal 
sponding effect of testosterone in males. 
women undergo epiphyseal fusio! 
and so they are shorter than men. (NOW: ell 
that epiphyseal fusion in males is also due (o estt8 
and not testosterone). 
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ystrogen stimulates osteoblasts And inhibits OSteoclastic 
 jctivity. Bstrogen deficiency following menopause 
spedisposes to SSIEOPOLOSIS aS a result of: : 
,, Enhanced osteoclastic activity, 
h piminished calcium deposition in bone. 
~. Loss of bone matrix. 





Function of Estrogen Tarra 


, 1, Stimulates growth and maturation of OV 
follicles. 

> Increases bulk of uterine muscle and contractile 
proteins. 

3, Increases excitability of uterus. 

4. Infollicular phase, increases number and height of 
epithelial cells and causes proliferation of glands 
and stromal tissue. 

5. Increases motility of fallopian tube. 

6. Makes cervical secretion thin and alkaline. This 
causes “spinnbarkeit” and “fern pattern” 

7, Cornifies vaginal epithelium. 

p. 1. Causes growth of ductules, proliferation of stromal 
tissue and deposition of fat in breasts. 

2. Causes pigmentation of areola. 

C. Responsible for libido in females. 
D. Responsible for secondary sexual characters. 

+ Small shoulders, large hips, converging thighs, and 

diverging arms with wide “carrying angle” 
+ Feminine distribution of fat in breasts and buttocks, 
* High-pitched voice. 
‘ Sparse body hair and dense scalp hair. 
E.¢ ‘ahibits FSH. It has dual action on LH. Low dose 
«hibits LH but high level of estrogen causes LH surge. 
* synthesizes progesterone receptors leading to 
‘strogen-primed uterus sensitive to progesterone. 
£ © Causes protein anabolism. 
_owers cholesterol — low incidence of myocardial 
nfarction in premenopausal women. 

* Causes salt and water retention. 

G.¢ Stimulates growth spurt in adolescent girls. 

* Causes epiphyseal closure. 

inhibits osteoclastic activity. Hence, estrogen defi- 
Clency after menopause leads to osteoporosis. 
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Progesterone 


L Pr gesterone is a 21-carbon steroid. It is secreted from 
the corpus luteum, the placenta, and also in small 
‘mounts from the ovarian follicle. 

‘Htisan important intermediate in the synthetic pathway 
of most Steroid hormones. 
| aly about 2% progesterone circulates in the free state 
the remaining 98% bound to albumin (80%) and 
“tticosteroid-binding globulin (18%). 
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he plasma level js about 0.9 ng/mL in females during 
ollicular phase of menstrual cycle. In secretory phase, 
the peak Concentration reached is about 18 ng/mL. 


Mechanism of Action 
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ene 
Progesterone has a mechanism of action similar to that 
of other steroid hormones. 


- Itis lipid-soluble. 50, it passes through cell membrane 


and binds to an intracellular receptor. The hormone- 
receptor complex, acting on DNA, promotes synthesis 
of specific messenger RNAs which form new proteins 
and modify cell function. 


. The progesterone receptor, when not bound to 


Progesterone, binds to a “heat shock protein” which 
covers the DNA-binding domain of the receptor. 


- As progesterone binds to the receptor, the heat shock 


protein is released and the DNA-binding domain is 
exposed. This site now binds with DNA and the actions 
of progesterone are exerted. 


- Mifepristone binds with progesterone receptor without 


releasing the heat shock protein. It thus blocks the 
action of progesterone by occupying its receptors 
without exerting its physiological effects. Mifepristone, 
therefore, acts as an abortifacient as progesterone is 
responsible for endometrial growth and diminished 
uterine contractility, which are so essential for the 
continuation of the early part of pregnancy. 


Actions of Progesterone 


| 


On uterus: 

a. Its actions on the myometrium are opposite to the 
effects of estrogen. Thus, it reduces the excitability 
and electrical activity of the myometrium. Under 
its influence, myometrium is less responsive to 
oxytocin. Estrogen receptors in endometrium are 
also reduced in number. 

b. Decrease in progesterone level just before menstru- 
ation enhances myometrial contractility. This may 
contribute to premenstrual discomfort. 

c. Progesterone is mainly responsible for endometrial 
differentiation and secretory changes in luteal 
phase. The uterine secretions under the influence 
of progesterone nourish the fertilized ova during the 
early days of its life. 


. The cervical secretion becomes much thicker under 


the influence of progesterone. This prevents the entry 
of sperms into the uterine cavity. 

Also, the thick mucous plug in the cervical canal 
obstructs entry of harmful microorganisms into the 
uterine Cavity, 


. Under the influence of progesterone, the vagina secretes 


a thick mucus and shows leukocytic infiltration. 
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On breasts: 

a. Under the influence of progesterone, 
of the lobules and alveoli in the breasts {8 greatly 
enhanced. 

b. In conjunction with estrogen, it helps in differentia- 
tion of ductal tissue. 

c. Itmay also play some role in lactation, 


development 


. Progesterone exerts negative feedback action on 


the pituitary and the hypothalamus, In high doses, 
progesterone inhibits LH and prevents ovulation. 


’ P ’ 
. Progesterone, in lange doses, promotes excretion of Na 


along with water due to antialdosterone effect. 


_ Progesterone is capable of producing heat. The rise in 


basal body temperature following ovulation is chiefly 
due to progesterone. 


. Progesterone has a stimulant action on respiration. 


This diminishes the alveolar CO, tension (P,CO,) in 
the secretory phase of menstrual cycle and also in 


pregnancy. 


. Progesterone may have some effect on mood. Postpar- 


tum depression is believed to be caused by withdrawal 
of progesterone. 


Function of Progesterone (Summary) 


A. On uterus: 


m Reduces excitability of myometrium, reduces 
sensitivity of myometrium to oxytocin. 

= | progesterone level just before menstruation 
— ¢ myometrial contractility > premenstrual 
discomfort. 

s Responsible for secretory change in uterus in 
luteal phase. Uterine secretions nourish fertilized 
ova. 

s Thickens cervical secretion forming mucus plug 
which prevents entry of sperms into uterus. 

m Vagina secretes thick mucus. Shows leukocytic 
infiltration. 


. Growth of lobules and alveoli in breasts enhanced 


under progesterone. May play a role in lactation. 

. High dose of progesterone inhibits LH and prevents 
ovulation. 

. Large dose promotes excretion of Na* and water. 
Produces heat. Responsible for rise in basal body 
temperature. 

Stimulates respiration. Lowers P,CO, in secretory 
phase and pregnancy. 

. Has effect on mood. Withdrawal of progesterone 
following child birth may cause postpartum 
depression. 


of ova by sperms. 
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Relaxin 


Relaxin, a polypeptide hormone, ts beneficial jy, . 

women as It (a) relaxes the symphysis pubjg an Bin 
pelvic joints, (b) plays a role in cervical softenin, hip 
dilatation, and also (c) Inhibits uterine CONtFACtION.s An 


In the males, it helps sperm motility and Penetrs 
Ni), 


Menopause 


1. At around 45 years of age, the ovarian Cycles 5. 
menstruation become irregular. The “burnt oy,’ ath 
show diminished response to gonadotropic hormon, 
as the primordial follicles become very few in numbe: 
Estrogen and progesterone levels fall to very lo 
levels. In the absence of negative feedback ftom the, 
ovarian hormones, FSH and LH levels rise significan,, 
Menstruation ultimately ceases and this is terme, 7 
menopause. 

2. Menopausal women often characteristically complain 
of hot flushes characterized by cutaneous vasodilatioy 
and sensation of heat arising from the trunk to the face 
These hot flushes are triggered by bursts of LH secretion, 
However, hypophysectomy fails to eliminate hot flushes 
and the hypothalamus is probably responsible for 
producing this symptom. 

3. Other associated symptoms include psychological dis. 
turbances, anxiety, irritability, tiredness, bone changes, 
etc. Lack of estrogen predisposes to atherosclerotic 
changes in the heart as well as osteoporosis. Intolerant 
patients may be managed with estrogen therapy. 


One may note that estrone, synthesized in adipose tssue, 
is the only estrogen secreted in postmenopausal phase. So, 
obese women who have a higher estrogen (estrone) level 
have lower incidence of osteoporosis after ‘menopause. 


4. Deficiency of estrogen leads to dryness of vai 
which may lead to pain during coitus. lt should be 
remembered that libido in postmenopausal women 
may persist due to undiminished effect of adrenal 
androgens. 

5. Osteoporosis due to lack of estroge! Is 4 commoll 
accompaniment of menopause. It may be noted that 
lack of estrogen stimulates osteoclastic activity while 
inhibiting bone-laying osteoblasts. his expat 
osteoporosis in menopause. Use of SERMs (0 pe 
osteoporosis without increasing chances of uterine 
breast carcinoma has been discussed in p. 424 





J CAPACITATION 


}. During sexual intercourse, millions of sperms are 
deposited in the vagina. The sperms are viable for only 
48 hours after ejaculation. When sperms are deposited 
in the vagina, they ascend through uterine cavity and 
enter the isthmus of the fallopian tube. There, they slow 
down and capacitation occurs. 

Capacitation, which occurs in the environment of 
female genital tract, enhances motility of sperms and 
confers on them the power to fertilize by facilitating 
acrosomal reaction (see below). Three factors pre- 
dispose to capacitation in the female genital tract: 

a. Sperms lose cholesterol in the female genital tract. This 
weakens the acrosomal cap. 

b. The fluids in the female reproductive tract remove 
various inhibitory factors attached to the sperm. 

c. Ca™ entry into the sperm enhances flagellar movement 
of sperms and also helps in the release of enzymes from 
acrosome. 

Only 50-100 sperms out of the millions deposited in 
‘ne vagina, ultimately reach the ovum. 


I MOTILITY OF SPERMS 


l. The low pH in the cytoplasm of sperms inhibits their 
motility. However, the alkalinity of female genital tract 
(with the exception of vagina) helps in neutralizing 
this acidity. Also, the sperms extrude H’ ions from the 
cytoplasm via H* pumps and this further increases their 
alkalinity. When the pH attains a high level, dyneins 
which are adenosine triphosphate (ATP)-powered 
motor proteins (p. 8), are activated. Their contractions 
enable the flagellum of sperms to beat actively and 
acquire motility. 
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Atthe same time, a cyclic adenosine monophosphate 
(cAMP)-gated Ca**-channel known as CatSper (which is 
more active in alkaline pH), opens. Ca* ions enter into 
the sperms through this channel, further facilitating 
the beating of flagellum and contributing to increased 
sperm motility. 


. Recent research has revealed that a chemoattractant 


is secreted from the follicular cells in corona radiata of 
the ovum at the time of ovulation. This is an aromatic 
aldehyde secreted into the oviduct where it binds to a 
specific receptor in the sperm and initiates a cCAMP- 
mediated Ca** entry into the sperm. This induces 
movement in the sperm tail which now moves towards 
the ovum guided by the chemoattractant. 


Ml FERTILIZATION 


1. The ovum is viable for fertilization for a short period of 


about 15-20 hours following ovulation. 
Fertilization normally takes place in the ampulla of the 
fallopian tubes. 


2. a. Fertilization of the ovum by the sperm involves 


several steps. The ovum in the ampulla is surrounded 
by several layers of granulosa cells (the expanded 
cumulus). Penetration of these layers by the sperm 
requires a membrane hyaluronidase called PH-20. 


b. The sperm on reaching the zona pellucida after 


penetration of the cumulus, binds to a protein 
called ZP3 on zona pellucida via a sperm plasma 
membrane protein called fertilin. This induces 
the acrosome reaction with disintegration of the 
acrosomal cap and release of enzymes like acrosin. 


c. The sperm then binds to a second protein called 


ZP2 on zona pellucida. There is breakdown of the 
zona pellucida by the released acrosomal enzymes 
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paving the way for penetration of the sperm through 
zona pellucida, 


d. On penetration, the sperm membrane fuses 


with the membrane of ovum, Ca" is released by 
phospholipase C acting via inositol phosphate 
pathway. This Ca** causes exocytosis of cortical 
granules present in the peripheral part of the ovum. 
The enzymes released from these cortical granules 
bring about changes in ZP2 and ZP3 so that these 
proteins cannot interact with a second sperm. There 
is also hardening of the zona pellucida, rendering 
it impenetrable to other sperms. This mechanism 
prevents polyspermy. 

e. The whole sperm enters into the ovum, but the 
tail and mitochondria disintegrate. The sperm 
deoxyribonucleic acid (DNA) decondenses and a 
pronucleus is formed. The ovum, on completion 
of meiosis, also forms a pronucleus. The pronuclei 
fuse and form a zygote. 


i. An unfertilized ovum disintegrates in 12-24 hours 


after ovulation whereas a sperm can remain active 
and motile in the female genital tract for about 3 days. 
So, coitus up to 3 days prior to ovulation may lead to 
fertilization whereas coitus a day after ovulation may 
fail to do so. 


ii. The centrosome in the zygote is contributed by the 


sperm whereas the mitochondria are contributed by 
the ovum as the mitochondria obtained from sperm 
are quickly destroyed. 


3. The fertilized ovum takes about 3 days to reach the 


uterine cavity. By then, it is an 8-16 cell morula 
and is called a blastocyst. By the sixth day following 
fertilization, implantation takes place and the morula 
now known as blastocyst contains large number 
of cells oriented into an outer trophoblast and an 
inner embryoblast. The latter will ultimately form 
the embryo. The trophoblast differentiates into an 
outer syncitiotrophoblast containing masses of 
nuclei without any cell demarcation and an inner 
cytotrophoblast made up of separate cells. 


. The blastocyst burrows into the endometrium 


during implantation. Cords of cells grow inside the 
endometrium from trophoblast. Ultimately, these 
form finger like processes called chorionic villi. The 
intervillous spaces in between the chorionic villi, 
contain maternal blood and they are connected with 
uterine vessels of mother. The endometrial tissue which 
forms part of the placenta, is called decidua basalis. 
Fetal blood circulates through the chorionic villi and 
exchanges nutrients and metabolites with maternal 
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blood in intervillous space through th. | 
ry iF 
barrier, This placental barrier separati,, petty 
‘ F Mf . 
maternal blood is formed by a thin layer gf M4 


tissue surrounding the thin wall of fe On) 


tal MOP 
d “AD illarie, 


Bf FUNCTIONS OF PLACENTA 


1. Itprevents entry of toxic materials from Mate 
to the fetus. 

2. Through the placenta, O, passes from Materna| }) 
to the fetus while CO, comes out from the be - 
to maternal blood. 0nd 

3. Ithelps in removing products of excretion from they 

4, Itrestricts entry of antigens from the materna Ih 
the fetus. 

5. It secretes hormones which are useful both to 
and fetus (see below). 

6. However, the placental barrier has some limit 
also. Some offending agents can cross the placenta 
barrier and can harm the fetus. Thus, drugs like 
thalidomide (which can produce a limbless fetus) 
and infecting agents like acquired immune deficiency 
syndrome (AIDS) can cross the placental barrier to 
exert adverse effects on the fetus. 


Ma| Dlong 
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0, Uptake in the Fetus 


1. The pO, of blood coming from the maternal circulation 
to the intervillous space is only 35 mm Hg. But due 
to the high affinity of HbF for O, in fetal blood, 0. 
saturation of Hb is 85%. 

2. O, uptake in fetus is facilitated by: 

a. HbF which, as mentioned above, has a high affinity 

for O, 

b. Increased Hb level in fetus 
c. Double Bohr effect as explained below. 

3. Double Bohr effect: As CO, leaves the fetal blood to 
maternal blood, fetal blood becomes alkaline. This 
shifts fetal O,-Hb curve to the left and increases affinity 
of fetal blood for O.. 

On the other hand, mother’s blood, on receiving CO, 
turns acidic. So, O,-Hb dissociation curve of mothers 
shifted to the right and affinity of maternal Hb for 9, 
decreases. So, more O, is released to the fetus. 

Both the above reactions are results of Bohr effectan 
both favor O, delivery to the fetus. However, one mY 
note that the direction of Bohr effect is opposite In the 
two situations. This is called double Bohr effect. 


Wf HORMONES OF THE PLACENTA 


A. Human chorionic gonadotropin (hCG): | 
1. It is a very important hormone of pregnan 


y. It 
; vet and | 
Is secreted from the syncytiotrophoblast al 


Is 
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weoprotei In nature with 

about 39,000, 

guucturally, 1C48 quite similar to luteiniz 

hormone (LH) and has an O-subunt idetitioal +0 

dat of LH, thyrold-stimulating hormone (TSH) a 

follicle-stimulating hormone (BS) 1), . 

appears in blood and urine Of Mother ag early 

as 9 10 days after conception and then lts jeu 

gradually rises and attains a peak value around 9-12 

weeks of pregnancy, 

3. After this, hCG level falls and maintains g Stable 
low level. By this time, the mature placenta secretes 
estrogen and progesterone in large amounts and 
negative feedback exerted by these hormones leads 
to a drop in hCG level. After birth of the baby, it 
disappears from maternal plasma, 

hCG has the following functions: 

a, It stimulates the corpus luteum to act beyond 
its normal duration of action which extends for 
only 2 weeks, This corpus luteum with extended 
activity is called corpus luteum of pregnancy, It 
is extremely important for maintaining the first 
10 weeks of pregnancy as it is the main source of 
the hormones estrogen and progesterone, 


W Molecular Welght of 


ws 
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Uterus, It may be recalled that in the first 2 weeks 
of CONCeption, progesterone secreted from corpus 
luteum stimulates secretion of nutrients from 
the falloplan tubes and endometrium for the 
hourlshment of the zygote. 

» Progesterone synthesized by the placenta is 

| converted into cortisol and aldosterone by the fetus. 

3, Progesterone stabilizes the uterus by inhibiting 
contraction of its wall, This helps in preventing 
abortion of the fetus, 

4, Progesterone increases the number of the lobules 
and alveoli of the breasts, increasing their capacity 
of milk secretion, 

5. Progesterone is believed to play a role in inhibiting 
maternal immune responses to fetal antigens. This 
reduces possibilities of fetal rejection. 

6. Progesterone stimulates maternal ventilation 
which helps expel the additional CO, produced in 
pregnancy. 


. Placental estrogen: 


I. It is also synthesized in the placenta in increased 
amounts during pregnancy. It has the following 
actions: 

a. It stimulates growth of the uterine muscle mass 


Note: Estrogen and progesterone cannot be secreted by 
placenta in adequate amounts in first 10 weeks because: 
+ Placental estrogen is produced from dehydroepian- 


which will be useful during labor. 
b. In the mother, it induces ductal proliferation in 
breasts, 


drosterone (DHEA) secreted from fetal adrenal cortex 
which is immature in the early weeks. 

+ Amount of placental progesterone secretion depends 
on placental mass and so it is inadequate in the first 
\0 weeks as the placenta is too small. 


». hCG, because of a structural similarity to TSH, 
stimulates maternal thyroid gland function. 

‘. hCG stimulates dehydroepiandrosterone sulfate 
(DHEA-S) production by the fetus. 

d. hCG increases production of relaxin. 

‘he hCG level falls (diminishes) at around the 

10th week, By that time, the placenta is capable of 

»ecreting estrogen and progesterone independently 

and as such, corpus luteum is no longer essential. 

’, Detection of hCG in urine in early pregnancy is the 
basis of the commonly performed pregnancy tests. 
hCG may be detected in urine within 2 weeks after 
lertilization. 

5. Some scientists hold hCG responsible for morning 
sickness (symptoms of nausea and vomiting in ear ly 
Pregnancy) which may be caused by the effect ol 

; ae on chemoreceptor trigger zone (C17). 

"“aCental progesterone: 

|. Progesterone is the most important hormone 

regarding the maintenance of the fetus in the 


— 
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c. It causes enlargement of external genitalia. 

d. In conjunction with relaxin, it relaxes the pelvic 
ligaments and symphysis pubis to accommodate 
the growing uterus. 


. Human chorionic somatomammotropin (hCS): 


1. It is also called human placental lactogen and is 
secreted by syncytiotrophoblasts. It is produced in 
very large quantities. 

2. hCS levels have a good correlation with placental 
weight. So, its concentration is a good index of 
placental function. 

3, Structurally, hCS is very similar to human growth 
hormone (GH) and prolactin and these 3 hormones 
probably evolve from a common precursor. 

4. It has the following actions: 

a. Although structurally similar to GH, its growth- 
promoting activity is small. Still, because of its 
high concentration, it complements maternal 
GH activity 

b. hCS has some milk-forming activity 

c. hCS stimulates lipid breakdown and inhibits 

insulin action, The resultant hyperglycemia 

helps in transfer of glucose to the fetus 

Insulin-like growth factor I (IGF-I) and insulin- 

like growth factor I (IGF-II) produced in the 


a, 





E. Others: In addition to the a 
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placenta under the infl 


help in fetal growth. 
bove, the placenta also 


secretes proopiomelanocortin (POMC), gonadotropin- 
releasing hormone (GnRH), inhibin, corticotropin- 
releasing hormone (CRH), 6-endorphin, etc. 


Bf FETOPLACENTAL UNIT (FIG. 74.1) 


1. 


The fetus, mother and placenta act in close cooperation 
for steroid hormone biosynthesis in the fetus and 
placenta. They behave almost as a single functional 
unit. That is why these 3 components acting together 
are called the fetoplacental-maternal unit or, in short, 
the fetoplacental unit. 


_ The fetal adrenal gland lacks the 3B-hydroxysteroid 


dehydrogenase enzyme and so it is unable to convert 
pregnenolone to progesterone. As a result, the fetus 
depends on progesterone supplied by the placenta to 
form aldosterone and cortisol. 


_ The fetus, however, converts pregnenolone into 


dehydroepiandrosterone sulfate (DHEA-S) and 
16-hydroxydehydroepiandrosterone sulfate (16-OH 
DHEA-S), which are formed in fetal liver. 


. The placenta, on the other hand, lacks 17 -hydroxylase 


and 17-20 desmolase enzymes. So, it cannot form 
androgens like DHEA from pregnenolone. It, therefore, 
depends on the fetus and the mother for supply of 
androgens like DHEA-S, which it desulfates and 
converts to estrogens. 


. However, 16-OH DHEA-S is exclusively derived from the 


fetus and it is converted into estriol. 90% of the urinary 
estrogen in mother during pregnancy is in the form of 
estriol derived entirely from the fetoplacental unit. 

So, measurement of urinary estriol provides a good 
index of fetal well-being. 


Placenta 





Cortisol + Aldosterone 


Progesterone <————————._ Progesterone 
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uence of hCS, probably i FETAL GRAFT 
|, The fetus and the mother are genetically digg 


So, the fetus acts as a foreign tissue to mother 4. 
therefore, natural to expect an antigen-antib, is, 
reaction between the two with a tendency ing 
rejection of the fetal implant. However, this is no, rs 


case and the fetus is not rejected. 


. The exact mechanism of this paradox is not cles 
if 


However, there are some interesting observation, 

testifying to the altered status of immune function " 

pregnancy as follows: om 

4. Placental trophoblast present at the junctio, : 
fetal and maternal tissue, expresses a unique , 
of HLA-G gene in place of the usual class I and cja.. 
[I major histocompatibility complex (MHC) gene, 
This probably precludes development of antibodies 
to fetal antigens. 

b. According to another theory, the trophoblast; 
carry a Fas-binding ligand which combines wit) 
Fas, a receptor present on T lymphocytes. This 
binding leads to apoptosis (self-destruction) of 
T lymphocytes which are the immune cells capable 
of rejecting fetal graft. 


fi PREGNANCY TESTS 
1. hCG is secreted by the placenta during pregnancy. 


So, urine in pregnant women contains this hormone. 
Pregnancy tests are usually based on presence of hCGin 
urine during pregnancy. These tests may be biological 
or immunological. 


. In biological tests, urine of a woman with suspected 


pregnancy is injected into lower animals like mice, 
rabbits or frog in approved doses. As hCG has activity 
similar to LH, it stimulates ovulation in female animals 


Merry ei 
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Fig. 74.1: Fetoplacental unit. The hormones progesterone, estradiol pove 
' , estrone and estriol are synthesized in the placenta as shown ® 
Note the blocked pathways due to deficient enzymes, 1 = 17-hydroxylase/17, 20 deschiaa “a ae hyd : aa d viehydrogenase 
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~ ad release of spermatozoa in male animals, So, ifsigns 
afovulation oF release of spermatozoa are found in the 
killed animal, pregnancy is confirmed. 

In immunological tests, antibodies to hCG are used 
'1q detect hCG in pregnant urine. This can be done by 

various methods, eg. sheep cell hemagglutination 

rest or latex agglutination test or paper strip method. 

In these tests, the antigen-antibody reaction produces 

utination or color change which confirms presence 
of pregnancy. 

In sheep cell hemagglutination test, urine of awoman 
"ith suspected pregnancy is mixed with antibodies to 
hCG. If the woman is pregnant, her urine will contain 
hCG and as a result, the antibodies are neutralized, 
This mixture is then incubated with sheep red blood 
cell (RBC) coated with hCG. In case of pregnancy, 
antibodies are already neutralized. So, there is no 
hemagglutination. Thus, a negative response indicates 
pregnancy. 

But, in absence of pregnancy, the antibodies are not 
neutralized (no hCG in urine). They now agglutinate 
the hCG-coated sheep RBC. So agglutination indicates 
absence of pregnancy. 

Some other highly sensitive tests use enzyme-linked 
immunosorbent assay (ELISA) and radioimmunoassay 


techniques. 
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INFERTILITY 


Infertility has been attributed to defect in males (30%), 
defect in females (45%), defect in both partners (20%) and 
due io unknown cause (5%). 

ln vitro fertilization is now performed to treat some 
case: of infertility, e.g. due to blocked fallopian tubes. In 
this, mature ova are taken out from the ovary surgically 
and ‘<rtilized with sperms outside the body. One or more 
ferilized ova are then implanted in the uterus. Chances of 
successful completion of pregnancy are however low, only 
about 5-10%. 


E CONTRACEPTION 


* Contraception is the method of preventing conception 
* Theideal method of contraception should not affect the 
health of either partner but such an ideal contraceptive 
, aon for contraception) is yet to be found 
ontraceptive methods are as follows: 


'. The rhythm method: 

l. In this method, sexual intercourse is avoided in 
the most ‘unsafe period: (The period during which 
sexual intercourse has high probability of causing 
Pregnancy), This is usually the 10th-17th day of the 


Pregnancy and Lactation 


es ae cm aan 
el — 


efore and after the 
time of ovulation). 

The remaining part of the menstrual cycle is 
called ‘safe period’ as sexual intercourse during this 
period is least likely to cause pregnancy. 

Determination of basal body temperature helps 
in identifying the probable day of ovulation. Early 
morning body temperature shows a rise of 0.5°C 
following ovulation due to rise in progesterone 
level. However, the drawback of this method is that 
a sizeable number of women (35%) do not show 
these changes reliably. 

2. However, it must be mentioned that it is not a very 
safe method as ovulation and fertilization have 
been shown to occur on any day of the menstrual 
cycle. 


. Other natural methods: There are several other natural 


methods that are worth mentioning: 

a. Coitus interruptus: The male partner withdraws the 
penis just before ejaculation. This has a high failure 
rate because just a drop of semen deposited in the 
vagina due to inaccurate timing of withdrawal, may 
lead to pregnancy. 

b. Abstinence: The couple abstain from sexual 
intercourse. This method is effective but impractical. 

c. Lactation: Lactation has a contraceptive effect and 
it also causes amenorrhea. Prolactin, secreted in 
considerable amounts during lactation, inhibits 
GnRH. 

So, the action of GnRH on gonadotropin 
secretion is inhibited. This ultimately blocks effects 
of gonadotropins on ovaries resulting in failure of 
ovulation (which leads to contraception) along with 
amenorrhea. However, 5-10% women do not show 
these effects. 


. Mechanical barrier devices (condom, diaphragm, 


etc.): 

1. Inthese methods, the access of a sperm to the ovum 
is denied (or such an attempt is made) by the use of 
condoms in the male or by the use of diaphragms, 
cervical caps, etc. in the female in combination with 
spermicidal jelly. 

2, While use of the condom is encouraged to prevent 
sexually transmitted disease, contraceptive 
methods using various types of barrier devices have 
a high rate of failure. 


_ Intrauterine contraceptive device (IUCD): 


1]. These are intrauterine plastic or metal devices 
implanted in the uterine cavity, 

2, These are believed to cause local inflammatory 
changes which result in failure of implantation, _ 

3. Orderly growth of endometrium is disturbed. 


4. Copper T (a4 variety of TU D) has spermich 
5, 
:. Pills (hormonal contraceptives): 


I. 
é. 


. Mode of action: 
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and alters nature of cervie al mucus 
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The latest varieties of UCD, such as, coppe! | - 
, , . ‘} 
been used successfully for 4 period of 2-4 years 
increase the gap between pregnancies, 


progesterone, 
ide-effects, 
complt 


These contain synthetic estrogen and 
Although highly effective, these have & 
The major side-effects include thrombotic 
cations, hypertension and possible malignancy. 
Minor side-effects include nausea, breasl 


discomfort, fluid retention, etc. 


a. Estrogen and progesterone in oral contraceptive 
pill have different modes of action by which they 
produce contraception. Estrogen inhibits GnRH 
and diminishes FSH production by negative 
feedback whereas in response to estrogen, LH 
is secreted in several smaller, irregular bursts 
instead of the normal peak rise in the midcycle. 
Low FSH disrupts follicular development in the 
follicular phase whereas low LH level prevents 
LH surge. Both of these actions prevent ovulation 
and cause contraception. 

On the other hand, progesterone cannot 
inhibit ovulation. But it thickens cervical mucus, 
decreases motility of uterus and fallopian tube 
(delaying transport of both ova and sperms). 

b. Side-effects include edema, headache, nausea, 
weight gain, thromboembolism, etc, Progester- 
one pills may cause androgenic side-effects, e.g. 
acne and hirsutism in addition to breast discom- 
fort and depression. 


. The pills may be of the following types: 


a. Estrogen only: the high dose of estrogen required 
has too many side-effects. 
b, Combined pills: 

9 Classical pills: These pills containing 
progesterone with small amount of estrogen 
are the most popular and widely accepted. 

2 Sequential pills: In these pills, initially only 
estrogen is given, Later on, the pills contain 
only progesterone. These are not very popular, 

c. Progesterone only (also called mini pills); These 
pills contain only progesterone in small amounts, 

The contraceptive pills are taken from the 5th 
day of the menstrual cycle for 2) days and then 
omitted for 7 days. 

Estrogen and progesterone administered 
in contraceptive pills lead to hypertrophied 
endometrium. On withdrawal of the pill, 
the endometrium degenerates giving rise to 
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withdrawal bleeding, (his should ney ),,., 
menatruadon), The day of withdrawa) bleed. Z 
considered the first day of the next ¢ vila \ 
d. The morning after pill: This is tised pont " | 
A double dose of classical pills js ites” 
after Collus and tt jo followed {7 hour 
by another double dose of pills. The had 
action is probably through interference, i 
implantation. ti 
These pills should only be used y., 
emergency conditions, €.g, rape, hese” 
unprotected sex, etc, This method should i 
be used routinely or regularly, = 
e, Long-acting injections SUCH 46 medronypr % 
terone or norethindrone have been used fy, 
traception. These are convenient in that 4 sin, 
injection is effective for 3-6 months. ° 
f, Subdermal implants: Subdermal implanr, . 
progesterone with a very prolonged effect yu. . 
5 years have been used, Neurotoxicity . . 
potential problem. 

, Post conception methods: These are meth. 
adopted after conception has occurred, So, these z- 
not contraceptive methods in the true sense of 
term, Menstrual regulation and medical termina; 
of pregnancy (MTP) are included in this categor, 

G. Permanent methods: 

1, In these methods, in the male, the vas deteres 
is cut and ligated (known as vasectomy) 01 in 
female, the fallopian tube is cut and ligated (know: 
as tubectomy), 

2, These operations are performed only when 
family is complete. The most disadvantageous po” 
is the near irreversibility of the method. 


"hy 


Note: Antibodies often develop against sperms following 
vasectomy. That is why infertility may persisi eve" when 
the vas deferens is successfully reconstructed aftes 
vasectomy. 


B MAMMARY GLAND AND LACTATION (FIG | 2) 


present in We 
Hom habs 
«ferrous gut! 
rface hous 


|, ‘The breasts are modified apocrine g)a 
female and supply nutrition to the ne 

2, Hach gland consists of 15-25 lobes 
drains each lobe. ‘The ducts open to Ui 
the nipple. 

3, The histological structure of each | 
compound racemose type of gland. \iyo' 
line the outer surface of the alveoli 

4. In the females, the breasts increase 1) >!" 
onset of puberty, During the menstrual Oy 


hye resemble? ; 


pithelial ce 
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Fig. 74.2: The mammary gland, 


glandular tissue of the breasts undergoes further 
maturation under the influence of circulating estrogen 
and progesterone. 

5. The breasts become fully developed during pregnancy 
and are now capable of milk production. 


EFFECT OF HORMONES 


|, Estrogen is responsible for the growth and proliferation 
of the ducts. It also helps in deposition of fat and growth 
of stromal tissue in breasts. 

. Progesterone stimulates growth of the lobules and 
alveoli in estrogen-primed breasts. 

_ In addition to estrogen and progesterone, prolactin, 
\H, glucocorticoids and insulin may have useful role 
‘the development of breasts. 


rr 
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USt: °ETION AND EJECTION OF MILK 


|. Prolactin, acting on breast tissue in presence of estrogen 
and progesterone, produces droplets of milk which are 
secreted in the ducts. 

Suckling induces secretion of oxytocin from posterior 
pituitary by initiating milk ejection reflex. The secreted 
Oxytocin causes contraction of myoepithelial cells, 
which leads to milk ejection. 

In milk ejection reflex, afferent nerves from touch 
receptors in the nipple carry impulses which are 
ansmitted through spinal cord touch pathway, [his 
ultimately activates the supraoptic and paraventricular 
hucleus in the hypothalamus. 

These two nuclei, on being stimulated, secrete 
xytocin into the circulation.] Higher centers in the 


rh 


a legnancy and Lactation 


brain and stress can influence milk ejection by acting 
ON sUpFAOptic and paraventricular nuclei. This explains 
how milk ejection can occur merely at the sight of 4 
crying baby, It alse explains why stressful events can 
Suppress milk ejection in spite of suckling by the baby. 
: During Pregnancy, milk is secreted into the ducts 
In small amounts, Although prolactin, estrogen and 
Progesterone are present in pregnancy, lactation is 
suppressed by high estrogen level, 
4. Vollowing parturition, estrogen level falls and lactation 
Is initiated, An injection of estrogen after delivery 
suppresses lactation, 


= 
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Bl EFFECTS OF SUCKLING 


a. Suckling increases secretion of not only oxytocin 
but also of prolactin. GnRH secretion is, however, 
suppressed, 

b. Mechanism of suckling on oxytocin secretion has 
been mentioned above. Suckling also triggers afferent 
impulses passing through the spinal cord, that 
ultimately inhibit dopaminergic neurons present in 
the hypothalamus. Since dopamine inhibits prolactin 
secretion, prolactin secretion is no longer suppressed. 
The increased prolactin secretion helps in milk 
secretion. 

c. In a closely similar pathway, suckling inhibits 
GnRH-secreting neurons in the arcuate nucleus and 
preoptic area of hypothalamus. GnRH secretion from 
hypothalamus is reduced and this, in turn, reduces FSH 
and LH secretion from the pituitary. Ovarian function 
is disturbed leading to anovulation and amenorrhea. 


fj EFFECT OF LACTATION ON MENSTRUATION 


Breastfeeding stimulates prolactin secretion. Prolactin 
inhibits GnRH release and its effects on the pituitary. At 
the same time, it counteracts the effects of gonadotropin 
on the ovaries. 

As a result of these actions, ovarian activity is 
suppressed, Estrogen and progesterone concentrations 
remain low and ovulation does not occur. That is why 
lactation is associated with amenorrhea and it serves as a 
useful means of ‘physiological’ birth control. 

As mentioned above, effect of suckling during lactation 
also inhibits ovarian cycles and menstruation. 


§ PARTURITION 


|, Ihe duration of a normal pregnancy is about 270 days 
(from the day of fertilization). 

2. ‘There is an increase in the number of uterine contrac. 
tions near term. 








Section 10: Reproductive System 


3. Asthe time of delivery approaches, the cervix undergoes 
softening as well as dilatation. In contrast, the body of 
the uterus shows increased contractile activity. 
. The circulating estrogen level increases and this further 
stimulates uterine contractions. One cause of increase 
in estrogens is a rise in DHEA-S secreted by fetal adre- 
nal. 
. Recent studies have shown that fetal corticotropin 
releasing hormone (CRH) level plays an important 
role in determining duration of pregnancy. [CRH 
stimulates secretion of cortisol and DHEA in the fetus. 
Increased amount of DHEA secreted from fetal adrenal 
leads to rising estrogen level in pregnancy which has 
an effect on onset of labor (see below). Cortisol, on 
the other hand, helps in lung maturity by increasing 
pulmonary surfactant and thus prepares the fetus for 
birth.] 
. The rising estrogen concentration hastens the onset of 
labor by performing two important functions: 
a. It increases number of gap junctions in myometrial 
cells. This enables synchronized myometrial con- 
traction. 


7. 


. Local rise in oxytocin levels may also contr; 


. Uterine contractions, once initiated, lead to 


b. It increases number of oxytocin 
myometrium (see below). 

Near the time of delivery, oxytocin receptor, | 

almost 100 times in number. This probaby . Creag, 

how oxytocin exerts its action on uterus altho ain 

plasma oxytocin level remains unaltereq 


rec 
| 


UBh the 


bute ta 
effects on uterus. Oxytocin has two main action, (0 its 


a. It induces uterine smooth muscle Contraction 
b. It augments synthesis of prostaglan dins 
decidua. The prostaglandins otentiat N the 
contractile actions of oxytocin. © the 
; dilatioy 
of the cervix brought about by the descending fey 
This sets up afferent signals from the cervix res tis s 
further secretion of oxytocin and further contraction : 
uterine muscles. Thus, a positive feedback mechanism 
is set in motion which ends only after delivery of the 
fetus takes place. 


. The powerful contraction of uterine muscle in response 


to oxytocin prevents excessive loss of blood from the 
placental wound following expulsion of the placenta 








questions: | 
4 | pefine puberty. Discuss the factors regulating the onset 
"of puberty. Describe the secondary sexual characters in 
3 male and in a female in chronological sequence. 
2, What is menstrual cycle? Briefly describe the various 
. phases of menstruation specially Mentioning the 
histological changes. 
3, Discuss the ovarian cycle and its hormonal basis. 
4 pescribe, in brief, the various methods of contraception. 


g. Write short notes on: 
~ 4 Testicular feminization syndrome 

2. Sertoli cell 
3, Blood-testis barrier 
4, Graafian follicle 
5. Corpus luteum 
6. LH surge 
7. Fertilization 
8, hCG 
9. Fetoplacental unit 

10. Safe period 

11. Parturition 

12. Contraceptive pills. 


C. Explain why: 
1, Low body weight females often show amenorrhea. 
2. Cryptorchids are usually infertile. 
3. Eunuchs are usually taller in height. 
4. Exogenous testosterone may cause infertility. 
5. Jvariectomy within 6 weeks of pregnancy may lead 
9 abortion. 
4 surge does not occur in luteal phase inspite of high 
strogen level. 
/, .actation leads to temporary infertility. 
8. Oxytocin causes uterine contractions at labor 
although its level is normal. 
D. Mu‘tiple choice questions: 
|. In men, LH secretes: 
a. Inhibin 
b. Testosterone 
¢. Androgen binding protein 
d. None of the above 
‘Not an androgen: 
4. Testosterone 
b. DHEA 
© Androstenedione 
_ Interstitial cell stimulating hormone 
* Sells secreting anti-Mullerian hormone: 
4. Leydig cells b. Sertoli cells 
© Granulosa cells d. Theca cells 
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BENASSI QUESTIONS 





4. Site of spermatogenesis: 
a. Seminiferous tubule 
b. Epididymis 
C. Prostate 
d. Seminal vesicle 
5. True about spermiogenesis: 
a. Formation of spermatozoa from spermatogonia 
b. Formation of spermatozoa from spermatids 
c. Formation of spermatids from spermatogonia 
d. All of the above 
6. Concluding step of spermiogenesis occurs in: 
a. Leydig cell 
b. Sertoli cell 
c. Interstitial cell 
d. None of the above 
7. Which of the following hormone is needed for 
puberty? 
a. GnRH 
b. Leptin 
c. Testosterone 
d. All of the above 
8. How many days after ovulation, does regression of 
corpus luteum occur? 
a. 5 days 
b. 10 days 
c. 14 days 
d. 24 days 


MCQs Answers 


1. 
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. Ans, A. Spermatogenesis (the process 


Ans. B. In men, LH stimulates Leydig cells in interstitial 
tissue of testis to cause secretion of testosterone. 
(Inhibin and androgen binding protein are secreted from 
Sertoli cells.) 


. Ans. D. Testosterone secreted from the testis and 


dehydroepiandrosterone (DHEA) and androstenedione 
secreted from adrenal cortex - all are androgens. ICSH. 
on the other hand, is a gonadotropin hormone secreted 
from anterior pituitary. 


. Ans. B. Sertoli cells secrete anti-Mullerian hormone 


(Mullerian inhibiting factor - MIF), This hormone causes 
regression of Mullerian duct which, in the female, 
develops into parts of female reproductive system, i.e, 
fallopian tube, uterus and upper part of vagina. 

Of sperm 
production) takes place in seminiferous tubule. In 
epididymis, sperms are stored, undergo maturation and 
acquire motility. Prostate adds zinc, clotting factors and 


fibrinolysin to semen in addition to secreting an alkaline 
fluid essential for survival of sperms. 


I 


——_ | 7, Ans. D. GnRH, leptin and testosterone (in Males) | 
hak. late 


ccmabael atids, Is 
5. Ans. B. Formation of spermatozoa from sperm required for puberty. Leptin regulates body far -, 
J 


. ndergo 
called spermiogenesis. n this stag® pian which Is belleved to be linked to onset of pubers, tery 


1 S 
structural remodeling, shed most of cytosol as well a teum starts re | 
non-essential organelles, thus becoming lighter and 9. Ans. B. Corpus lu gressing by 24rp ; 
; of menstrual cycle whereas ovulation occurs at 4, ay 
more motile sperms. 14th day of menstrual cycle. So, corpus luteurn oi 
Nahe 


6. Ans. B. Last stage of spermiogenes!s takes place in 


Sertoli cell. 


regressing 10 days after ovulation, 
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I: INTRODUCTION But, in the spinal cord and in the brain stem, the gray 
1, Thenervous system is customarily divided into central an ” _ located whereas the white matter lies 
s system and peripheral ne y. 
ners sy* pt P sve - es Central 4. Collection of cell bodies present within the white matter 
nervous system consists of the brain and spinal cord. diewaledauca: 


On the other hand, peripheral nervous system mainly 

consists of the nerves which have emerged from 

the bony skull or vertebral canal and are distributed e BRAIN (FIG. 75.1) 

throughout the whole body. It is the portion of the central nervous system contained 
The autonomic nervous system is a functionally | Within the bony skull. It consists of the following parts: 

distinct entity of the nervous system. It is concerned | 2 The cerebral hemispheres. 

mainly with involuntary control of the gut and viscera. b. The diencephalon consisting of the thalamus and 


Itis dealt in detail separately in Chapter 87. hypothalamus. 
2. The central nervous system, on histological grounds, | ¢- The brain stem which consists of the midbrain, the 
can be divided into gray matter and white matter. The pons, and medulla. 


gray matter contains mainly collection of nerve cell | 4. The cerebellum. 
bodies whereas the white matter consists mainly of . 
nerve fibers. Cerebral Hemispheres 

3, In the cerebral cortex and cerebellum, the gray matter | 1. These are by far the largest portions of the brain and 
is superficially situated covering the white matter which consist of two symmetrical halves separated by the 
lies in the deeper portions. median longitudinal fissure. 


Central sulcus 


Precentral gyrus 
Postcentral gyrus 


Lateral sulcus 


Superior temporal gyrus 
Occipital lobe 







Middle temporal gyrus 
Inferior temporal gyrus 


=== Cerebellum 


Pons ————_—-” 


ee 


Medulla ————~ 


Fig. 75.1: The brain and its parts. 
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The supremacy of man over other living beings 
probably depends on the greatly enlarged cerebral 
hemispheres, which have been acquired through 
evolution. 


_ The surface of the cerebral hemispheres is highly 


convoluted with alternate elevations and depressions. 
The elevations are called gyri whereas depressions are 
known as sulci. 


. The superficial part of the cerebral hemisphere is 


called the cerebral cortex and it is rich in nerve cell 
bodies. Due to its grayish appearance, it is also known 
as cerebral gray matter. 


. Broadly, the cerebral hemisphere has been divided into 


four major lobes, e.g. frontal, parietal, occipital, and 
temporal. Functionally, it is concerned with the finer 
aspects of various motor and sensory functions and is 
the seat of higher functions. 


. Within the cerebral hemispheres, lie the hollow cavities 


known as ventricles. The two long ventricles within the 
two cerebral hemispheres are called lateral ventricles. 

They communicate with the third ventricle situated 
in the midline between the two halves of diencephalon. 


. In the deeper parts of the cerebral hemispheres, lies the 


limbic system which is mainly concerned with emotion. 


Diencephalon 
It consists of the hypothalamus and thalamus. 


i 


The thalamus: 

a. This is a paired structure present on either side of 
the third ventricle. 

b. The thalamus is an important relay station. Most of 
the ascending sensory tracts relay in the thalamus. 

c. Laterally, the thalamus is related to basal ganglia 
which are the subcortical nuclear masses having 
important motor function. 


. The hypothalamus lies deep to the thalamus. It forms 


the floor and part of the lateral walls of the third 
ventricle. It has many important functions including 
control of autonomic function, endocrine control 
of pituitary, regulation of thirst, appetite and body 
temperature, etc. 


Brainstem 


L 


It consists of three structures: the midbrain, the pons, 
and medulla. 


. The midbrain contains the cerebral aqueduct in its 


central part, linking the third and fourth ventricles. 


. It also contains the nuclei of oculomotor and trochlear 


nerves. 


. The dorsal aspect of pons and medulla forms the floor 


of the fourth ventricle whereas the roof of the fourth 
ventricle is formed by the cerebellum. 
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5. The pons and medulla contain many impor 
ant y 
including those of many cranial nerves ang , Miclp, 
le 
important cardiorespiratory centers. ‘tall 


Cerebellum 


1. Itis a globular structure lying below the Posteri, 
of the cerebral hemisphere and it is locate, __ 
posterior aspect of the brainstem. | 

». Like the cerebral cortex, it has a superficially loc 
gray matter which surrounds the deeper whit, mae 
Four nuclei (fastigial, globose, emboliform oa 
dentate) are present within the white matter _ - 

3. The surface of the cerebellum is much More dence 
fissured than that of the cerebral cortex. Thus, sth 
its weight is just one-tenth of that of the cerebra| hii . 
its surface area is as much as three-fourths of that, fh 
cerebral cortex. ' 

4. The cerebellum is connected to the brain stem with 
three pairs of cerebellar peduncles. 


qd On the 


i SPINAL CORD 


1. It is the downward continuation of the medyji, 
oblongata extending into the vertebral canal as fa; 
down as the first lumbar vertebra. 

2. It has a central canal surrounded by a mass of gray 
matter which is divided into anterior, lateral, and 
posterior horns in each half. 

3. The white matter, as already mentioned, lies peripherally 
surrounding the gray matter. 

4. The structure of spinal cord is more or less uniform 
throughout its length. 


Mj] PERIPHERAL NERVOUS SYSTEM 


1. It consists of those nerves which have emerged from the 
central nervous system and are distributed throughout 
the body. . 

2. These include 12 pairs of cranial nerves, 31 paits 0! 
spinal nerves, the paravertebral sympathetic chains 
and the preganglionic and postganglionic autonom'< 
nerves. 


Bf CRANIAL NERVES 


: Sx : T rst 
These arise from nuclei situated in the brainstem. The" 
two cranial nerves, however, arise from the forebrall. 


Brief Description of Cranial Nerves 


verve, caries 


1. The first cranial nerve, called the olfactory ! vale 


the sense of smell through its branches which inne 
the nasal mucosa lining the roof of the nasal cavity: 








rhe second cranial rerve t8 the optic herd 

sesponsible for the Sense of vision mediate 

she photoreceptors in the retina, 

the third cranial nerve ts the oculomotor Nerve 

nucleus is present in the upper half of the : 

yy supplies Motor nerve fibers which innervate the 
extrinsic muscles of the eyeball. Besides, it Supplies 
parasympathetic nerve fibers arising from the Edinger- 

Westphal nucleus to the ciliary muscles and constrictor 

pupillae, a muscle ofthe iris, 

The fourth and sixth cranial nerves, called trochlear 
andabducent respectively, supply other extraocular 
muscles. The nucleus of the fourth nerve (trochlear) 
;s situated in the lower half of midbrain whereas 
the abducent nerve (sixth nerve) has its nucleus in 
the pons, in close proximity to the seventh nerve 
nucleus. 

Itis to be noted that the trochlear nerve eme 
the dorsal aspect of midbrain. 

5. The trigeminal nerve (fifth nerve): 

a. The wigeminal (fifth) nerve is a mixed nerve. It 

carries sensory impulses from the face to: 

¢ a long sensory nucleus known as the spinal 
nucleus of the trigeminal nerve. The spinal 
nucleus extends downwards as far as the upper 
segments of the spinal cord. This mainly receives 
fibers carrying pain sensation. 

¢ another nucleus called the principal sensory 
nucleus which receives sensory fibers of the 
trigeminal nerve, especially those concerned 
with touch. 

. The motor nucleus of the trigeminal nerve is in 
che pons and it sends motor nerve fibers which 
‘nnervate the muscles of mastication. 

lal nerve (seventh nerve): 

2 ‘he seventh nerve (facial nerve) is another mixed 

erve. Its motor fibers supply the muscles of the 
-ace and scalp. 

©. ‘he sensory fibers of the facial nerve carry taste 
‘ensation from the anterior two-thirds of the tongue. 

!talso has a parasympathetic component, which 
supplies secretomotor fibers to submandibular 
and sublingual salivary glands as also lacrimal and 

_ Palatal glands. 

'- Vestibulocochlear (eighth nerve): 

« The eighth nerve (vestibulocochlear) has two 
Components, the vestibular division and the 
cochlear division. . 

The vestibular division receives sensory information 
from the vestibular apparatus consisting ol the 
Ctolith organs and the semicircular canals. It Is 
‘€sponsible for maintaining equilibrium. 


> 


©. It Ig 
d through 


Its 
Midbrain. 
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C. The cochlear division innervates the cochlea and is 
_ tesponsible for hearing. 
Ihe glossopharyngeal nerve (ninth nerve): 
a. The ninth nerve (glossopharyngeal) is also a mixed 
Nerve. It sends motor fibers from nucleus ambiguus 
(0 stylopharyngeus muscle. 
 Itcarries taste sensation from the posterior one-third 
of the tongue through sensory fibers terminating at 
the nucleus tractus solitarius (NTS) in the medulla. 
C. Italso carries general sensation from posterior one- 
third of the tongue, oropharynx, tonsils, etc. 
d. It supplies secretomotor fibers to the parotid gland. 
- In addition to all these, it innervates the barore- 


ceptors in carotid sinus and chemoreceptors in the 
carotid body. 


. The vagus (tenth nerve): 


a. The tenth nerve (vagus) is the longest cranial nerve. 
Its parasympathetic component runs right through 
the thorax, enters the abdomen, and spreads out 
throughout the abdomen. Thus it supplies the heart, 
lungs, and most of the abdominal viscera (except 
mainly the pelvic organs which are supplied by the 
sacral parasympathetic fibers). 

b. Besides this, the vagus supplies motor fibers to the 
laryngeal and pharyngeal muscles. It also receives 
visceral sensations from the thoracic and abdominal 
organs via parasympathetic afferent fibers. 

c. It also supplies the baroreceptors in the aortic arch 
and chemoreceptors in the aortic body. 


10. The spinal portion of the eleventh nerve (spinal acces- 


sory) supplies motor fibers to trapezius and sterno- 
cleidomastoid. The cranial part of the accessory nerve 


supplies the laryngeal and pharyngeal musculature 
along with the vagus. 


. The twelfth nerve (hypoglossal) is a motor nerve 


supplying the muscles of the tongue. 


i SPINAL NERVES 


There are 31 pairs of spinal nerves. They have the following 
features in common (Fig. 75.2): 


a. They arise from the spinal cord by two roots, one 
ventral (anterior) and the other dorsal (posterior). 

b. ‘The anterior root contains motor fibers. Sympathetic 
efferent fibers in the T.-L, segments as also 
parasympathetic efferent fibers in S,-S, segments, 
accompany the somatic motor fibers in the anterior 
root. These autonomic preganglionic fibers arise 
from intermediolateral gray column of the spinal 
cord in the lateral horn. 

c. Somatic sensory afferents enter through the 
posterior root. Their cell bodies are situated in the 
dorsal root ganglia. 


Ce, 
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Fig. 75.2: Formation of inal nerve Fig. 75,3: 1he yentrides within the twas 
ion of a Spi | 


«, Below, the fourth ventricle is Continucan we. - 
hy %, 


terior root 
d. The sensory fibers enter through the pos central canal of spinal cord. 


he anterior 


and the motor fibers emerge through t 


root in the spinal cord. 
This is known as Bell-Magendic law. 


the choroid plexus: The ventricles Contain ms ., 


capillaries with an ependymal covering Tre, 
constitute the choroid plexus which secretes the (; 


. Formation of CSF: CSF comes out from the choy, 


BOsPi 4 
CERES WAL FLUID plexus by the process of filtration and, in part, eee, 
1. The meninges: 5. Circulation: CSF, after its production in the arn 


a. The brain and spinal cord have three membranous ventricles, enters the th ird ventricle through <x 


coverings or meninges. These are, from outside 
inwards, (1) the dura mater, (2) the arachnoid mater, 
and (3) the pia mater. 


b. The dura mater consists of (J) an outer endosteal 


layer which lines the cranial bones and (2) an inner 
meningeal jayer 

The venous sinuses lie in the space between these 
two layers of dura mater. 


c. The arachnoid mater lies between the dura mater 


and the pia mater. The latter is intimately adherent 


to the underlying brain. 


d. The space between the arachnoid mater and the pia 


mater is known as the subarachnoid space which 


called ventricles. The two cerebral hemispheres 


situated in the midline and the two foramina of 
Luschka situated laterally. 


foramen of Monro —» passes into the fourth vereres 
through the aqueduct of Sylvius — passes thing: 
the foramina of Luschka and Magendie ints ths 
subarachnoid space. Part of the CSF from the ture 
ventricle enters the central canal of spina! cord. 


_ Absorption: 


4. Cerebrospinal fluid in the subarachnoid spa « 
ultimately absorbed in the dura! venous vinuw 
lying between the layers of dura mater Tx 
arachnoid mater gives off finger-lice proyectos 
called arachnoid villi, which project into Se 
superior sagittal sinus between the layers A Guts 
mater, Thus, CSF inside these villi »» »<parated 28 


contains cerebrospinal fluid (CSF), 
_ The ventricles (Fig, 75.3): venous blood in the dural sinuses by 4 memorie 
4. The interior of the brain contains CSF filled spaces consisting of the arachnoid mater an 1 merge 
layer of the dura. 


b. This membrane contains pore which &* 


s o ¥ 
Na ,K*, Ca**, bicarbonate, and uree ° 
in CSV in trace amounts. 


contain the two lateral ventricles which connect i" 
with the third ventricle situated between the thalami absorption of CSF into venous 6 >> whes OS 
through the foramina of Monro. pressure is high. But, if the venous pro ute becomes 
b. The third ventricle communicates with the fourth higher, the pores are collapsed pre -04%% enary # 
ventricle by the aqueduct of Syivius which runs venous blood into CSF. In addition, nue rage 
through the interior of the midbrain. osmolality of venous blood draws ( oF it © me 
c. The fourth ventricle is situated between the dorsal prevents flow in retrograde direct | 
aspect of pons and medulla (which forms the floor | 7. Composition: CSF is a clear fluid wi « 20° io 
of the fourth ventricle) and the cerebellum which count of 0-5/mm". It also contains 
forms its tent-like roof. | : _ 
| Glucose—50-80 mg/100 mL 
d. The fourth ventricle communicates with the sub- | Chloride—720-75 
arachnoid space through the foramen of Mayendie 20-75) eng) 100 ml 
agendie | Protein — 20-90 mg/ 100 mL. ; 
| re ayo pre 
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CSF is turbid with high 
cell content and plenty of neutrophils. Glucose 
content is low while protein content is high. 

Cerebrospinal fluid in tubercular meningitis 
is clear and may show a fine clot (spider web 
coagulum) on standing. It contains lymphocytes, 


gg punction: | - 
a. Cerebrospinal fluid protects the brain from external ¢ In pyogenic meningitis, 
injury by acting as a buffer, The impact of injun 
spread by the CSF over a large area and this hel . . 
reventing damage to the brain, psin , 


tn cerebral edema, the Swelling of the by 
F which drains 

displaces CS ains out through the ven high protein content but d chloride 
sinuses. If there was no CSF, the brain itself would concentrations are | a 

ations are low. 


ubjected t es 
have been sub) © pressure in the rigid cranial ¢ In viral encephalitis, raised protein in CSF 


ich would be ha 
box, it ‘nal fluid Phare may be an important abnormal manifestation. 
c. Cerebrosp S out some waste products Lymphocytes may also be present in significant 


— 


ain 
ous 


from the brain. numbers. 
d. Cerebrospinal fluid also has some nutritive value. ¢ Froin’s syndrome: Thisis seen in complete obstruc- 
9, Applied: tion within the spinal canal. The CSF pressure 


a. Lumbar puncture: This procedure is utilized to is abnormally low while the protein content of 


obtain a sample of CSF which can provide useful 
diagnostic information in several diseases (vide 
infra). 

In this procedure, a hollow needle is inserted into 
the spinal canal in between the third and fourth 
Jumbar vertebrae. It should be noted that the lower 
end of the spinal cord lies at the level of L) vertebra. 
So, the inserted needle does not cause any trauma 
to the spinal cord. 

The collected CSF is then examined clinically. 


_ Abnormal CSF: 


¢ Blood in CSF may indicate cerebral or sub- 
arachnoid hemorrhage. 


CSF is markedly elevated leading to a yellowish 
discoloration of the fluid (xanthochromia). 


. Hydrocephalus: CSF pressure varies normally 


between 70 mm CSF and 180 mm CSE Excessive 
accumulation of CSF with dilatation of ventricles is 
known as hydrocephalus which may be of two types: 


4 
4 


External or communicating 
Internal or noncommunicating. 

In external hydrocephalus, there is obstruction 
outside the ventricular system, e.g. there may 
be decrease in reabsorption of CSF by the 
arachnoid villi. In internal hydrocephalus, there 
is block within the ventricles or at the foramina 
of Magendie and Luschka. 
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§ STRUCTURE OF A NEURON (FIG. 76.1) 


1. 


uy 


A neuron usually has no centriole. So, it has no power 
of division. Like other cells, neuron contains numerous 
mitochondria and a prominent Golgi apparatus. 

Nissl granules are basophilic structures containing 
ribonucleoprotein. They are equivalent to rough endo- 
plasmic reticulum. Niss] granules disappear in injury, 
fatigue and poisoning (chromatolysis). 


_ Neurofibrils are fine threads, 6-10 nm in diameter. They 


form a loose meshwork in cytoplasm. 
Dendrites are processes extending from the cell body, 


receiving input from other cells in the form of local 


electrotonic potential changes. 
Knobby projections on the dendrites called dendritic 


spines are the areas receiving input from other cells. 


_ The axon originates from a thickened portion of cell 


body called axon hillock free from Niss] bodies. Axon 
varies in length from a few ym to about | M. It contains 
microtubules and transport (motor) proteins kinesin 
and dynein which take part in axonal transport. 


_ Myelin sheath surrounds the axon after a short distance 


from its origin. This initial myelin-free region is called 
initial segment 

The increased excitability at this site is due to pres- 
ence of greater number of ion channels. This region has 


lowest threshold. 
Action potential starts from here. 


. Myelin sheath covers the axon except at its terminal 


portion. Also, myelin-free areas between adjacent 
Schwann cells at regular intervals 1 mm apart, are 
present along the length of the axon. ‘These are called 
nodes of Ranvier. Myelin sheath acts as insulator and 
prevents cross-stimulation of adjacent axons. 


. Different areas of the neuron perform different func- 


tions. The dendrites receive information mediated by 
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Fig. 76.1: Parts of a neuron 

initial segment 
e¢ axon transmuls 
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electrotonic potential changes. The 
generates an action potential (AP). ‘th 
the AP whereas the axon terminal forms synapst 
another neuron. 


Bf PROPERTIES OF NERVE FIBER 


The properties of nerve fiber are briefly discussed below 
1. Excitability: It is the property of 


a nerve fiber © 
respond to a stimulus which may be electticl! then 
mechanical or chemical. i 

If the stimulus crosses a ‘threshold’ value, the wat 
fiber responds with production of an acto” porn 
Excitability of a nerve fiber is measured Dy chron 
(see p. 39). 


he rttaieaee OPT Neuron 

~ posting membrane potential (RMP): The | ; 

~ embrane potential in a nerve fiber js 
wot further details, see Pp. So: 

» Latent —, time interval elapses between the 

~ application 0 stimulus and the beginning of action 

otential by which the nerve fiber responds, This is 

-alled the latent period. 
1, Local respons¢: When a subthreshold Stimulus is 


ee 
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rest] a wa 
about -7n a b. In myelinated nerve, an action potential is 
conducted by saltatory conduction (p. 40). Velocity 
of conduction also depends on diameter of nerve 
fibers, 
Nerve fibers of large diameter have proportion- 
ately higher conduction velocity. 


H AXONAL TRANSPORT 


appli ed to anerve fiber, depolarization takes place, 
This depolarization varies in amount proportionate 
to the intensity of the stimulus and spreads locally but 
a propagating action potential fails to occur. 
This locally limited response is termed loca] response. 


5. Action potential: 


a. When a threshold stimulus excites a nerve fiber, a 
rapid change in membrane potential takes place, 
which is propagating in nature. The sequence of 
rapid depolarization and repolarization that takes 
place, is called action potential which is transmitted 
along the nerve fiber without any decrement in its 
amplitude. 

b. Another important property of the action potential 


i, 


Axons are long processes of a neuron. They do not 
contain any protein synthesizing organelle like the 
ribosome. So, the proteins present in axon are actually 
synthesized in the cell body of the neuron and then 
transported along the axon, often for long distances. 
This is known as axonal transport. 


- Axonal transport is effected by various ATP-powered 


transport (motor) proteins which drag the protein 
particles along the microtubules. 


. The axonal flow can be anterograde, i.e. in the direction 


from the cell soma towards the axon terminal. It may 
also be retrograde when the transport is in the reverse 


direction. Kinesins take part in anterograde transport 


is that itis an all or none response. This means that it whereas dyneins are involved in retrograde transport. 
occurs only when the stimulus reaches a threshold Both these motor proteins drag substances along 
intensity. microtubules. 


But, even if the stimulus exceeds the threshold, 
there is no further increase in the magnitude of the 
response. 

‘or more details about action potential, see p. 36. 

‘ractory period; (See also p. 38) 

Vhen a stimulus causes an action potential in the 

verve fiber, it is unresponsive to a second stimulus 

or some time. The duration of this diminished 

“esponsiveness is known as refractory period. 

/ During the initial portion of the refractory period, 
10 stimulus however strong it might be, can excite 
the nerve fiber. 
this period is called the absolute refractory period. 

‘. However, in the later part of refractory period, a 
stronger than normal stimulus can evoke a response. 
this period is known as relative refractory period. 


bmg 


© 


'. Accommodation: (See also p. 40) 


lfthe change potential during depolarization Is very 

Slow, action potential fails to occur. This is because the 

Nerve fiber gets adapted to the stimulus. This 1s known 

4S accommodation. 

Conductivity: 

* ‘The Property of the nerve fiber to cond 
Potential is called conductivity. The mec 
Conduction of an action potential in an unmy® 
ated nerve has been described in p. 49. 


uct action 
hanism of 
lin- 
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. Anterograde transport of neurotransmitters of low mo- 


lecular weight may be fast, i.e. at a rate of 400 mm/ day. 
But, in case of protein molecules, axonal transport is 
often slow, i.e. at a rate of only 0.5-10 mm/day. 


. Retrograde transport may take place at the rate of 200 


mm/day. Toxins e.g. tetanus toxin absorbed in the 
peripheral parts of axons are transported in retrograde 
direction towards the cell body (soma) of the neuron. 


EUROGLIA (FIG. 76.2) 


neurons are supported by glial cells which are more 


numerous than neurons themselves. Unlike the neurons 
which are incapable of cell division, glial cells show mitosis. 


Tha 


tis why most brain tumors arise from glial cells. 


There are three types of glial cells: 


ae 
a. These again are of two types, fibrous and pro- 


toplasmic. Fibrous astrocytes are found in the 
white matter and they contain many filaments of 
intermediate type, Protoplasmic astrocytes are 
found in gray matter. Their cytoplasm contains 
granules. 

b. Both types of astrocytes send out long processes 
which overlap the outer surfaces of blood Capillar- 
ies, They contribute to the formation of blood-brain 
barrier by inducing the formation of tight junctions 








\L Microglia 
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Fig. 76.2: Different types of glial cells. 


and not by forming the barrier itself as was previ- 
ously believed. 

Apart from this, they control the microenviron- 
ment around neurons by taking up K* ions and 
neurotransmitters. 

They help in reducing extracellular K* concentra- 
tion in stroke and delay neuronal death. 

c. They take up glutamate and convert it to glutamine. 
This glutamine is transferred into neurons from 
where it is secreted again in the form of glutamate. 
The conversion of glutamate to glutamine helps in 
removal of NH, which is highly toxic to the neurons. 

d. In contrast to neurons, they are unable to produce 
action potential. 

e. Astrocytes take up glucose from blood. This glucose 
is converted to lactate within astrocytes. This 
lactate is then released by astrocytes and utilized 
by neurons to produce energy. 

f. Astrocytes surround central nervous system 
(CNS) synapses and play an important role in the 
formation ses. 


_ Note: Astrocytes take up K* from extracellular fluid (ECF) 
and lower K‘concentration in ECF. During neuronal 
activity, frequent formation of AP leads to accumulation 
of K* in ECE K* efflux during repolarization contributes to 
this, This, by increasing the ECF/intracellular fluid (JCF) 
(K*] ratio decreases RMP, i.e. pushes it closer to threshold. 
Thus, neurons become hyperexcitable. Astrocytes, by 
reducing ECF [K*], restore normalcy. 


2. Oligodendrocytes: 

a. The Schwann cells synthesize myelin in peripheral 
nerves whereas oligodendrocytes perform the same 
function in central nervous system. 

b. The notable distinguishing feature about oligoden- 
drocyte from Schwann cell is the fact that while 
Schwann cells myelinate only one neuron, oligo- 
dendrocytes myelinate several nerve cells simulta- 
neously. 


3. 


Microglia: These are derived from bone marrow anq 
behave like macrophages. 
They are the ‘scavengers’ of the nervous system, 


£ ppenayma cells: These ciliated cells line the ventricles 


and central canal of the spinal cord. 
= Functions: 
a. They secrete CSF 
b. Beating of cilia in these cells help in circulation 
of CSF 
.¢/They contain neural stem cells and have the 
potential for producing new neurons. 


Bf MYELINATION 


k. 
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Peripheral nerve fibers of the myelinated variety are 
covered by myelin sheath derived from the Schwann 
cells whereas myelinated neurons in CNS derive their 
myelin sheath from oligodendrocytes. 


. The peripheral nerve fibers acquire myelin as the 


Schwann cell revolves round and round the axon many 
times giving rise to a multilayered sheath (Figs. 76.3A 
and B). 


. In contrast, in unmyelinated nerve, the Schwann cell 


simply encircles the axon in a single layer and does not 
go round and round as in a myelinated nerve. 


. Inmyelinated nerves, nodes of Ranvier «re the myelin: 


free regions in between adjacent Schwaiin cells. lons 
and electric current can freely pass through these sites 
unlike the myelinated portions which are nonconduct 
ing due to the presence of myelin. 

The insulating (nonconducting) properly of my 
is probably due to its high cholesterol content 


elin 


The conduction velocity in a myelinated nerve is very 

high for the following reasons: 

a. The electrotonic (cable-like) conduction ofa nerve 
impulse (e.g. which occurs between the nodes 
Ranvier in a myelinated nerve) is mucli laste! (hall 


regenerauly’ 


conduction which progresses by « ne 
on 


process as an AP. Hence, conduc!ol d 
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Figs. 76.3A and B: Stages of myelination. (A) Myelination begins; 
(B) Multilayered myelin sheath is formed. 


myelinated nerve requiring fewer action potentials 
(which occur only at the nodes of Ranvier) is very 
fast. 

On the contrary, an unmyelinated nerve has 
plenty of ion channels throughout its length. So, 
successive action potentials form at contiguous 
sites much closer to each other. Number of action 
potentials formed during propagation is much 
more in unmyelinated nerve. Hence, conduction of 
AP is much slower. 

b. The thick myelin sheath reduces the capacitance 
of axon membrane. This also predisposes to rapid 
depolarization. 

( As the myelin-covered segments are insulated, 
electrical charges cannot leak through them. So, an 
increased number of charges arrive rapidly at the 
next node of Ranvier producing an action potential 
relatively early. 

As AP forms only at the nodes of Ranvier, it 
appears to jump from one node of Ranvier to the 


next and this is known as saltatory conduction 
(Fig. 76.4), 


Note; The velocity of impulse conduction along a nerve 


bends on two factors—(a) myelination, (b) diameter 
ofthe nerve fiber 


5. Myelinated axons have the following special features: 
a. ‘The nodes of Ranvier do not contain Kt channels. 
* channels are essential for the prolonged after- 
hyperpolarization which is a part of relative 

refractory period. 
Consequent shortening of relative refractory 
Period allows these axons to fire at a higher 

b frequency, 

' ASionic currents flow only across nodes of Ranvier, 
the total amount of ion movement across nerve 


= 
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Fig. 76.4; Saltatory conduction (See text). 





membrane is relatively small. This requires much 
reduced activity of Nat-Kt+-ATPase to restore ionic 
balance after an AP. So, energy requirement is much 
less. 


7. Myelination starts in utero at about 4th month of intra- 


uterine life. At birth, the pyramidal tract is unmyelin- 
ated. Myelination of pyramidal tract is not complete 
until completion of the second year after birth. 

So, in children up to 18-24 months of age, Babinski 
sign is positive (see Babinski response, practical p. 28). 


fj CLASSIFICATION OF NERVE FIBERS 
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Erlanger and Gasser performed elaborate dissection 
studies of different types of axons in mixed nerve. 
They noted the speed of conduction and diameter 
of individual fiber types. Functions of nerve fibers of 
different diameters were also found to be different. 


. It was observed that in myelinated nerve fiber, the 


velocity of conduction in M/sec is roughly 6 times the 
diameter in microns. Thus, a nerve fiber with a diameter 
of 12 has a conduction velocity of roughly 72 M/sec. 

In contrast, in unmyelinated nerve fibers, the velocity 
of conduction is roughly proportional to the square root 
of the diameter of the nerve fiber. 


. Erlanger and Gasser classified the different types of 


nerve fibers into three broad groups which they named 
as A, Band C. Group A was further subclassified into «, 
(3, y and 5 subgroups. 


. This classification, again, is not complete, especially in 


case of sensory nerves, as shown by further research. 
Therefore, a numerical classification was evolved to 
classify the sensory nerves. Roman numerals |. Ut, Ul 
and IV, were used in this classification. 


. The two types of classification showing diameter 


conduction velocity and function have been shown in 
‘Table 76. L. 

Apart from the differences in function seen in different 
types of nerve fibers mentioned in the table, 
important differences in their response to 
pressure and anesthetics. 


there are 
hypoxia, 


o-= 





15-30 
12-30 
3-15 
0.5-2 


0.7-2.3 





Afferent sensation from annulospiral ong; 
muscle spindle 


Somatic motor nerves 


Ng of 


Afferent sensation from Golgi tendon Organ 


Touch and pressure sensation; sensatior, From 
flower-spray ending of muscle spindle 


Motor supply to muscle spindle 
Carries pain, cold and touch (in part) sensatio, 


Preganglionic autonomic neurons 


Carries pain and temperature sensation, also 
sensation from mechanoreceptors 


Postganglionic sympathetic neurons 


Aa - 12-20 
Aa Ib 12-20 
AB i] 5-12 
AS nl 2-5 

8 “ <3 

C (Dorsal root) IV 0.4-1.2 
C (Others) = 0.3-1.3 


Thus, the thicker the nerve fibers, the more sensitive 
they are to pressure. On the other hand, as the diameter 
of nerve fiber increases, their sensitivity to anesthetics 
decreases. The intermediate diameter nerve fibers, in 
contrast, are more prone to hypoxic damage. 


§ NERVE GROWTH FACTOR 


1. 


These are proteins essential for growth of neurons 
specially sympathetic neurons and some of the sensory 
neurons. 


. Chemically, a nerve growth factor is constituted by 


2a, 2B and 2y subunits. The B-subunits are structurally 
similar to insulin and they are responsible for the 
growth-promoting effects in nerves. 


. The nerve growth factors are taken up by nerve endings 


and they migrate to the cell body through retrograde 
transport. 


. Administration of antibodies to nerve growth factor 


(NGF) leads to wide-spread damage to the sympathetic 
nerves. This is known as immunosympathectomy. 


. Other neurotrophic substances or neurotrophins 


include brain-derived neurotrophic factor (BDNF), 
Neurotrophin 3 (NT-3), etc. 





NERVE INJURY—DEGENERATION AND REGENERATION 


Injury to the nerve occurs following cutting or crushing 
injury or due to external pressure causing hypoxia of the 
nerve. 


Nerve injury has been classified into five types 


(degrees) as follows: 


AH 


. First degree nerve injury: (Neuropraxia) 


a. This is caused by pressure on a nerve for a short 
period. This is the commonest type of nerve injury 


shia, fourth and fifth degree injuries: Ihese 


Due to pressure, the nerve suffers from hypoxia, 4; 
a result, there is reversible loss of function lasting 
from a few hours to a few weeks depending on the 
severity. 

b. ‘Saturday night palsy’ is an example of first degree 
nerve injury, in which there is reversible paralysis of 
radial nerve in a drunk person. 

This occurs due to persistent pressure on the 
nerve trunk as the drunk patient sleeps with the arm 
under the head. 

The drinking bouts are common on Saturday 
nights and hence this type of nerve injury is called 
‘Saturday night palsy: 

. Second degree nerve injury: 

a. Here, the injury to the nerve is due to a mort 
severe degree of pressure leading to death of axons 
However, the endoneural tube is not interrupted. 

b. In addition to death of axon at the site of injury, he 
distal axon degenerates. This is accompanied 0} 
chromatolysis. 

c. Regeneration of the axon is helped by intac’ 
endoneural tube. This is followed by regenerate” 
of myelin sheath. | 

d. Phrenic crush (an obsolete form of treatmell! in 
pulmonary tuberculosis, in which the phreut 
nerve was deliberately crushed (vo stop movenel 
of diaphragm and provide rest to (he diseased lune 
is an example of this type of injury 

are mot 
severe types of injury. In the third degree injury, : , 
endoneural tubes are disrupted. In fourth degree inj 1 
the nerve fascicles undergo structural disorganizat® 
In fifth degree injury, there is complete transecuio! 
the nerve trunk. (Neurotmesis) 


ycnanct IN FIFTH DEGREE INJURY 


A. 
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inthe cell body 
1. Degenerative changes: 


to 


4. The Nissl granules disintegrate within 4 
lose their staining properties 

b. The Golgi apparatus degenerates and 
fragmented 

c. Neurofibrils are no longer visible 

d. There is swelling of the cells which now become 
rounded in appearance 

e. The nucleus may assume an eccentric position 
and even may disappear, which heralds cell] 
death. 


8 hr and 


becomes 


_ Changes during regeneration: Recovery com- 
ves aft 


mences 
pletion. 
The Nissl granules and Golgi apparatus are restored. 
Nucleus regains its central position and swelling of 
the cell subsides. 


er 20 days and may take 80 days for com- 


B. Changes in the nerve fibers (Figs. 76.5A to D) 


Bid i 
Figs, 76.5, 
mediately 
XI5 Cylinder 


l. 








Degenerative changes: 
a. Inthe portion distal to the site of injury (Wallerian 
degeneration): 

oO The axis cylinder breaks down into short 
segments. The myelin sheath also breaks 
down and is replaced by lipid droplets. The 
axon is replaced by debris derived from 
degenerative changes. 


Axon 
sprout 


Node of 


Ranvier 


Myelin 
sheath 


to D: Wallerian degeneration. (A) Nerve fiber 
after transection; (B) Degeneration of myelin and — 


iD) °” sprout enters endoneural tube guided by Schwann cells; 
~“Yelination of axon sprout during the process of regeneration. 


ee | 

with invasion of macrophages to remove debris; | 
| 
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2 The Schwann cells multiply and the new 
cells come to occupy the endoneural tube. 
Macrophages phagocytose the myelin 
Sheath and axis cylinder rernnants and clear 
the debris. The empty space created in this 
Way is occupied by the growing Schwann 
cells. 

b. In the proximal stump: 

The degenerative changes are similar but take 

place only up to the nearest node of Ranvier. 


. Changes at the site of injury: Schwann cells give 


rise to elongated processes which project in various 
directions from the distal stump. 

Similar growth also occurs from proximal stump 
but it is quantitatively much smaller. In this way, 
the gap between the severed portions is filled by 
Schwann cell outgrowths. 

It is possible to bridge gaps up to 3 mm and this 
is facilitated by surgical approximation of the cut 
ends. 


. Changes during regeneration: 


a. The axon in the proximal stump grows, giving off 
a large number of fibrils, about 100 in number. 
These fibrils enter the distal endoneural tubes 
guided by Schwann cell strands. 

Although more than one fibril may enter one 
endoneural tube, ultimately only one of them 
survives and goes on growing to fill the tube. 

b. Myelin sheath regeneration begins in 2 weeks 
and continues along with growth of fibrils. 
Myelin sheath regeneration may take up to 1 year 
to be complete. 

c. The diameter of the regenerated nerve fiber is 
always smaller compared to that of the original 
nerve fiber. The maximum diameter of the 
regenerated nerve fiber does not exceed 80% of 
the original value. 


. The process of regeneration of neuron is helped 


by growth-stimulating substances secreted from 
Schwann cells, neurotrophins and some specific 
cell adhesion molecules (CAMs). 

Also, the perineurium secretes inhibitory sub- 
stances to guide the sprouting axons in the correct 
path, 


. The regenerating nerve fibers sometimes make 


connection with wrong nerve-endings, For example, 
the nerve fiber carrying temperature sensation may 
make connection with a touch receptor. Thus, touch 


sensation may be misinterpreted as temperature 
sensation. 
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6. Unlike in peripheral nervous system, axonal 
regeneration cannot occur in the central nervous 
system, i.e. in the brain and spinal cord. This 
is due to secretion of inhibitory substances by 
oligodendrocytes. It may be noteworthy that 
whereas Schwann cells help in axonal regeneration, 
oligodendrocytes (their counterparts in CNS) 
prevent regeneration of axons. 
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SNEURONAL DEGENERATION 
Transection or damage of an afferent neuror m 
A 
lead to degeneration of the next order Neuron 
known as transneuronal degeneration. | 


For example, optic nerve section has been f; 
‘ ‘ slags Ny 
be associated with degeneration in neurons in th Nd 1, 
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| DEFINITION 


The junction of one neuron with another is called a synapse. 
One neuron transmits electrical activity to another through 
a synapse. Of the two neurons involved in the synapse, 
the neuron which transmits electrical activity to the other 
neuron is called presynaptic neuron while the other neuron 
at the receiving end is called the postsynaptic neuron. 


I CLASSIFICATION OF A SYNAPSE 


1. Anatomically, synapses may be of three types, (1) axo- 
dendritic, (2) axosomatic, or (3) axoaxonal. In these, 
axon of the presynaptic neuron synapses with the 
lendrite, soma, or axon of the-postsynaptic neuron, 
“espectively. A fourth rare variety of dendrodendritic 
ynapse also exists. 
unctionally, synapses can be chemical or electrical 
‘ conjoint. Chemical synapses are by far the most 
°mmon variety and their mechanism of impulse 
‘ansmission and properties have been discussed below 
in detail. 

In electrical] synapses, found in hippocampus, 
cerebral cortex, lateral vestibular nucleus, etc.; the 
presynaptic and postsynaptic membranes come 
Close together forming a gap junction through which 
Small ions and electrical activity readily pass from the 
Présynaptic neuron to the postsynaptic neuron. In this 
lype of synapse, synaptic delay is minimal and this leads 
0 rapid synaptic transmission. 

Conjoint synapses are partly electrical and partly 
chemical. 

As chemical synapses are much more numerous 
and more important, these are discussed in detail 
and henceforth, synapse will mean chemical synapse 
Only, 
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Fig. 77.1: Structure of a synapse, 


lj STRUCTURE OF A SYNAPSE (FIG. 77.1) 
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2. 


. There are three types of synaptic vesicle 


In a synapse, the membranes of the two neurons come 
close together. 

The presynaptic membrane is part of the presynaptic 
neuron from which the neurotransmitters are secreted 
while the adjacent membrane of the postsynaptic neu- 


ron is called the postsynaptic membrane or subsynaptic 
membrane. 


. The intervening gap is known as the synaptic cleft. It is 


about 10-20 nm wide. 


. In other words, a synapse is formed by: 


a. A presynaptic membrane 
b. A postsynaptic or subsynaptic membrane. 


c. A synaptic cleft—a narrow gap between the two 
membranes. 


The terminal part of presynaptic neuron, also called 


synaptic knob, contains numerous secret 


Ory vesicles 
and mitochondria. 


S. Large dense 


core vesicles contain neuropeptides, Small dense core 
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vesicles contain catecholamines while small clear 
vesicles contain acetylcholine, GABA, glutamate, etc. 

7. The presynaptic membrane contains thickened areas, 

also called “active zones” from where the small vesicles 
discharge their contents into the synaptic cleft. 

8. The postsynaptic membrane contains receptors, which 
bind with secreted neurotransmitter. This membrane 
is commonly thickened, and it contains an aggregation 
of receptors, proteins, and enzymes. 

9. A protein called neurexin is responsible for the pro- 
ximity of the active zones with receptors in the post- 
synaptic membrane. 

10. The presynaptic membrane secreting neurotransmitter 
and postsynaptic membrane with receptor protein in a 
synapse must remain within a distance close to 10 nm 
for optimum action. This is ensured by bonds between 
cell adhesion molecules (CAMs) projecting from the 
presynaptic and postsynaptic membranes acting like 
a Velcro. 


Mode of Transmission of Impulse Across the Synapse 


When action potential reaches the synaptic knob (terminal 
part of the axon of the presynaptic neuron), voltage- 
sensitive Ca** channels present close to the active zone 
and open with entry of Ca** ions into the synaptic knob. 
This leads to exocytosis of the neurotransmitter vesicles. 
This exocytosis is mediated by the interaction between 
synaptobrevin, which is a v-SNARE protein and syntaxin 
with SNAP-25, which are two t-SNARE proteins. These help 
in docking of synaptic vesicles with presynaptic membrane. 
Ca**, on entering the cell, binds with synaptotagmin, 
causing conformational change, which leads to fusion of 
synaptic vesicle with presynaptic membrane and release 
of neurotransmitter (Fig. 77.1A). 

After release of neurotransmitter, there is recovery of 
synaptic vesicle membrane by endocytosis. Apart from 
this slow process, another rapid method of release of 
neurotransmitter has been postulated. 

According to this, only a small part of the synaptic 
vesicle fuses with the presynaptic membrane to form 
a small pore through which the neurotransmitters are 








Synaptic vesicle — Synaptotagmin 
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Figs. 77.1A to C: Exocytosis from synaptic vesicle: (A) Shows schematic arrangement of docking proteins; (B) Docking process 4 Ca"* bl 





poured out. After this, the synaptic vesicle detach * 
from the presynaptic membrane and is refiljeq wit 
neurotransmitter. This process is much quicker and henc 
highly suitable in CNS synapses where the frequency iy 
neural discharge is very high. 

The released neurotransmitter molecules diffuse 
across the synaptic cleft and combine with the receptors 
attached to the postsynaptic membrane. Activation of the 
ligand-gated receptors in the postsynaptic membrane leads 
to depolarization or hyperpolarization. This postsynapti, 
stimulation or inhibition leads to formation of EPsp o, 
IPSP, respectively (see below). 

It should be noted that unlike transmission in 
neuromuscular junction where acetylcholine is the only 
neurotransmitter, synaptic transmission is mediated by 
different excitatory (e.g. glutamate and acetylcholine) 
or inhibitory (e.g. glycine and GABA) neurotransmitters, 
These produce EPSP and IPSP, respectively. 

The steps of transmission of an AP from the presynaptic 
neuron to the axon of postsynaptic neuron are like this: 

As mentioned above, in response to an AP, the axon 
terminal of presynaptic neuron secretes neurotransmitter 
at the synaptic cleft — receptors at the postsynaptic 
membrane (usually on the dendrite or cell body of 
postsynaptic neuron) are stimulated leading to formation 
of IPSP/EPSP > now, numerous presynaptic neurons 
converge on a single postsynaptic neuron. The net or 
summated postsynaptic potential in the dendrites and cell 
body is transmitted electronically to initial segment near 
axon hillock, which contains plenty of voltage-gated Na’ 
channels — ifthe summated postsynaptic potential reaches 
threshold value, an action potential will be produced at the 
initial segment—this AP will be transmitted along the axon. 


Hl PROPERTIES OF SYNAPSE 


1. One-way conduction: Chemical synapses have the 
inherent property to conduct impulses in one direction 
only. This is because neurotransmitter is secreted [rom 
presynaptic membrane only and it acts at receptors O" 
postsynaptic membrane causing synaptic transmission. 
This cannot occur in the opposite direction. 


nds 


to synaptotagmnin; (C) Exocytosis of neurotransmitters into synaptic cleft after fusion of vesicle membrane with presynaptic Me mbran® 
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synaptic delay: 

,_ Itis the time taken by the nerve impulse to cross one 
synapse. The average time of conduction of nerve 
impulse through one synapse is about 0.5 ms. 

b, The number of synapses in a particular reflex arc 
can be calculated as shown below in the case of 
knee jerk. 

The distance between the ligamentum patellae 
and the spinal cord is known. 

The conduction velocity of the nerve (Ia fibers) 
is also known. Therefore, the time taken for 
conduction by the afferent and efferent nerves (also 


lonic basis (in a synapse where acetylcholine |s 
the neurotransmitter): Here, the neurotransmitter 
acetylcholine binds with receptors on postsynaptic 
membrane. As a result, ligand-gated ion channels 
within acetylcholine receptors in the postsynaptic 
membrane open so that the small cations can pass freely 
across cell membrane. Although both extracellular Na’ 
and intracellular K* ions can pass through the small 
ion channel, entry of Na’ ion into the cell is more. This 
is because both electrical and concentration gradient 
favor Na* entry into the cell. In contrast, K* ions move 
out of the cell in much less amounts because although 


known as “peripheral delay”) can be calculated. 

The reaction time is noted. It is about 19-24 ms. 
The peripheral delay is subtracted from reaction 
time and this gives the “central delay’ i.e. the time 
to cross only the synapses. In case of knee jerk, this 
is, say, about 0.6-0.8 ms (i.e. > 0.5 ms but < 1 ms). 
Since it takes about 0.5 ms to cross a single synapse, 
it proves that knee jerk is a monosynaptic reflex. 

3. Law of convergence and divergence: 

a. More than one axon terminal of the same or different 
neurons converge on one postsynaptic neuron. This 
is called convergence. 

b. Similarly different axon terminals of a single neuron 
‘an synapse with different postsynaptic neurons. 
“his is called divergence. 

‘. Excitatory postsynaptic potential (Fig. 77.1B): Neuro- 
Te. smitters released from presynaptic neuron bind to 
feC<ptors on postsynaptic membrane. This may lead 
‘0 Cepolarization, thereby raising the postsynaptic 
membrane potential toward excitation. This potential 
's own as excitatory postsynaptic potential (EPSP). 

‘iere, the membrane potential of the postsynaptic 

“euron changes to, say, -60 mV from the RMP of 

‘0 mV. Consequently, the postsynaptic neuron !s 

“4sl€r to stimulate (fire) and hence, this potential is | 

“élled excitatory postsynaptic potential. | 


concentration gradient favors its exit, electrical gradient 
opposes this movement. Thus, there is greater entry 
of cations into the cell than exit, and this results in 
depolarization with formation of EPSP. 


See's REC aa 


In synapses, neurotransmitters act on two types of 
receptors—(1) ionotropic and (2) metabotropic. 
[onotropic receptors like the acetylcholine receptors 
contain ion channels incorporated in the receptors. 
Neurotransmitters acting on ionotropic receptors bring 
about ionic changes through ion channels within the 
receptors. The postsynaptic potential thus produced is of 
fast EPSP type. It is fast-acting but shortlasting in nature, 

On the other hand, neurotransmitters exerting their 
action on metabowopic receptors, act via G protein and 
second messenger systems connected with the receptors 
and bring about changes leading to the formation of slow 
EPSP as they are slow to act. However, they have a long 
duration of action, 

Hor example, acetyicholine, acting through nicotinic 
receptors, produces fast EPSP whereas when it acts on 
musearinic receptors, slow EPSP is produced. 

Examples of fast and slow EPSPs are found in the 
synapses involving preganglionic and postganglionic 
neurons in sympathetic ganglia. Here, 


4. A fast EPSP is produced by acetylcholine acting 






52 

y= | through nicotinic cholinergic receptor, It has a 

: g . | duration of 30 ms. 

7 ' 

ee | 4) Aslow EPSP is produced by acetylcholine when it acts 
¢ ae ; _ 

+ on a muscarinic receptor, its duration is 30s, 

TI ee : 

fe 4 SP is produced by sec 

+ Stu. ee Firing potentia | «¢ Aslow f SP is produce d by dopamine secreted 

= 70 | from an interneuron in the ganglia (small, intensely 
é | ‘lluorescent cells, or SII cells). The receptor is a 


b receptor. the interneuron is activated by a M, 
muscarinic receptor, Duration is 2s. 

A late slow EPSP is produced by GnRH when it acts 
on a GuRH receptor. Its duration is 4 min. 


—___- 


Time 
Beginning of synaptic transmission 


Fig. 77.18: Potential changes in EPSP. 
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Cl- entry is mediated by the actigy of t, 
(released at the axoaxonal synapse Von on 
receptor of the presynaptic membrane 
¢ K* efflux from the presynaptic ending Thi. 
mediated by the action of GABA op, Gap. 
receptor present on the presynaptic merp}. 
This also results in hyperpolarizatigy 
presynaptic ending with decrease of (,:. 
and less release of neurotransmitter 
¢ Direct inhibition of neurotransmitte, Felene, 
may also occur. | 
¢ The utility of presynaptic inhibition j, that 
it selectively blocks input from a Particula, 
presynaptic neuron. Thisis in contrast to inh ibition 
in a postsynaptic neuron (postsynaptic inhibitic, 
5. IPSP (inhibitory postsynaptic potential) (Fig. 77.1C): where it inhibits inputs of all presynaptic neurons 
a. In this case, on binding of neurotransmitter to impinging on postsynaptic neuron. 
receptors on postsynaptic membrane, Cl-channels | 7, Presynaptic facilitation: This occurs when a third 
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Fig. 77.1C: Potential changes in IPSP. 


Presynaptic neuron 


Postsynaptic neuron 


open with Cl” influx into the cell. Alternatively, Kt 
efflux from the cell is stimulated. 

. Either ofthe two processes leads to hyperpolarization 
of the postsynaptic neuron (the cell negativity 
increases). 

This moves the membrane potential away from 
firing potential and therefore causes inhibition. This 
potential is therefore called inhibitory postsynaptic 
potential. 


. Presynaptic inhibition (Fig. 77.2) 


a. This occurs when a third neuron ends on the 
presynaptic neuron (axoaxonal ending) and 
brings about changes, which inhibit the release of 
neurotransmitter from the presynaptic neuron into 
the synaptic cleft. 
b. The inhibition of neurotransmitter release is caused 
by: 
¢ Cl entry into the presynaptic ending with conse- 
quent hyperpolarization. This reduces the size of 
incoming action potential resulting in decrease 
of Ca** influx into the presynaptic neuron. Neuro- 
transmitter release is therefore diminished. 


2. synapse 


causing presynaptic 
inhibition 





Fig. 77.2: Presynaptic inhibition, 


neuron exerts excitatory influence on the presynaptic 
membrane. 

Mechanism of presynaptic facilitation in Aplysia 
(a sea-snail) is as follows: 

Here, serotonin is secreted as the neurotransmitter 
acting on the presynaptic membrane (axoaxonal end. 
ing)> this activates cCAMP-mediated phosphorylation 
of K* channels in the presynaptic membrane > closure 
of K* channels > repolarization cannot occur leading 
to prolonged AP > this increases the open time of Ca” 
channels leading to increased Ca**influx and this causes 
facilitation of impulse transmission. 


. Postsynaptic inhibition: When the effect of synapuc 


transmission on the postsynaptic neuron is inhibitory 

in nature, it is called postsynaptic inhibition. Two 

common examples are—(a) Renshaw cell inhibition 

and (b) inhibition of antagonist muscle ‘rough Golg 

bottle neuron as found in reciprocal innervation. 

a. Renshaw cell inhibition (Fig. 77.3): This is commonly 
seen in anterior horn cells. The anterior hom 


Anterior horn ce! 


Renshaw ce!! 


Collateral from yn tenor 
horn cell to Renshaw 





Fig. 77.3: Renshaw cell inhibition 
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reciprocal innervation 


Motor nerve causing contraction 


Motor nerve to antagonist in stretched muscle (stretch reflex) 


muscle causing relaxation 





cells give out collaterals, which end on Renshaw 
cells, which in turn inhibit the anterior horn Cells 
themselves and also surrounding motor neurons, 
Thus, the Renshaw cells prevent excess excitation 
of anterior horn cells and help in regulating neural 
activity. Y 
Also, by inhibition of surrounding anterior horn 
| neurons, they help in focusing or pinpointing motor 
activity. “ 
The latter mechanism is analogous to “lateral 
inhibition” found commonly in the sensory system. 

b. Reciprocal innervation (Fig. 77.4): When one muscle Fig. 77.5: Network of neurons explaining the mechanism of 
contracts, the antagonist muscle relaxes to ensure | sUMmation, occlusion, and subliminal fringe (See text for details). 
smooth execution of a movement. 

This is effected by reciprocal innervation through 
Golgi bottle neuron—an inhibitory interneuron 
secreting glycine as neurotransmitter. 


X 


¢ Feedforward inhibition: This is typically seen in 
the cerebellum where the basket cell inhibits 
the Purkinje cell although both these cells are 
Mechanism: In reciprocal innervation, the agonist stimulated by excitatory input trom parallel 
‘uscle is stimulated by motor nerves, which are fibers. This is known as feedforward inhibition]. 
xcited directly through synapse by an afferent | 9: Summation, occlusion, and subliminal fringe: The 
-rve. In contrast, a collateral of the afferent nerve Figure 77.5 shows a hypothetical neuronal network in 
napses with an inhibitory interneuron (e.g. Golgi which presynaptic neurons X, Y, and Z have diverged 
ottle neuron) which, in turn, synapses with the to form synapses with postsynaptic neurons M, N, 
niolopnenie supplying the “at agonist muscle. So, P, and R. Let us now attempt to explain the events in 
“hen the agonist muscle contracts, the antagonist summation, occlusion, and subliminal fringe in this 
¥ : al network. 

uscl is reci t is essential for paeneee 
* sions Sena a a. Summation: As shown in the Figure 77.5, presynaptic 
‘there are three types of inhibition found in CNS: neurons X and Y eee synapse with the postsynaptic 
¢ Afferent inhibition: Here, the inhibitory effects neuron N. het us assume that the EPSPs produced 
are due to afferent input, either presynaptic or at N by weak stimulation of X and Y are individually 





postsynaptic and they are ultimately transmitted 
to the postsynaptic neuron. | 

* Inhibition by negative feedback: A typical 
example is inhibition of the anterior horn cell by 
Renshaw cell. 

The anterior horn cell, through collateral, 
Stimulates the Renshaw cell which, in turn, 
inhibits the anterior horn cell. Thus, the anterior 
horn cell is inhibited by negative feedback. 


subthreshold, i.e. they cannot fire N individually, 

But, these subthreshold EPSPs produced by X 
and Y in the postsynaptic neuron N when added 
up, may cross the threshold level and N fires, This 
is called summation. This is an example of “spatial” 
summation as the EPSPs involved were produced at 
two separate locations. 

Summation can also be temporal when two 
successive subthreshold EPSPs produced at the 
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same location but at different time, summiate to 
cause firing of the postsynaptic neuron. 


Note: Degree of spatial summation depends on the 
distance between the sites of stimulation (synaptic sites). 
If the distance is substantial, spatial summation occurs 
with usual additive effect. But, if the distance is small, 
the spatial summation effect is reduced. This is known as 
shunting effect. The cause of this diminished summation 
is the open state of synaptic channels, which allows 


leaking of depolarizing current. 


b. Occlusion: Let us assume, presynaptic neuron X 
synapses with two postsynaptic neurons M and 
N. Another presynaptic neuron Y synapses with 
postsynaptic neurons N and P, N being a common 
postsynaptic neuron shared by both X and Y. 

Now, when X is stimulated strongly, both M and 
N fire. Similarly, when Y is stimulated strongly, both 
N and P fire. 

But, when both X and Y fire strongly, only M, N, 
and P fire. This is because N which is a common or 
shared postsynaptic neuron, can fire only once ata 
time. 

Thus, the combined effect of simultaneous 
stimulation of the two presynaptic neurons is less 
than the sum of the effects produced when they were 
stimulated individually. This is called occlusion and 
it occurs due to the sharing of common postsynaptic 
neurons. 

c. Subliminal fringe: Suppose, presynaptic neuron Z 
synapses with two postsynaptic neurons P and R 
and the presynaptic neuron Y synapses with two 
postsynaptic neurons N and P. 

Now, when both Y and Z are weakly stimulated, 
P may fire as there is spatial summation of EPSPs 
crossing the threshold, but R and N are only 
stimulated to subthreshold level and hence they 
do not fire. However, they can now be more easily 
fired by a suitable second stimulus. They are, 
therefore, said to be in the subliminal fringe of P, 
their stimulated neighboring neuron. 

10. Synaptic plasticity: Synaptic transmission may 
become stronger or weaker following previous changes 
in discharge pattern. This alteration of synaptic 
transmission is called synaptic plasticity. This property 
of synapse forms the basis of higher functions such as 
learning and memory. The important types of synaptic 
plasticity are: 
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a. Post-tetanic potentiation: Repetitive nery, 


. Habituation: Repetition of a benign stir, 
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TD Uo. 
sult In bring 
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IS Caused bn 


© Presynapy, 


which cause a tetanizing excitation re 
enhancement of postsynaptic respo 
called post-tetanic potentiation. This 
excess accumulation of Ca" ions in th 
neuron. 


Ulus jg 


associated with gradual diminution of respons 
e. 


This is called habituation. 
This is probably due to inactivation os x 
channels causing decreased Ca** concentratio 
the presynaptic neuron. 
As a result, there is decrease in release of nev. 
rotransmitter. 


D in 


. Sensitization: Pairing of painful stimulus repetitively 


with a benign stimulus causes enhanceq 
postsynaptic response on stimulation oye, 
prolonged periods. This is known as Sensitization, 
This is possibly due to serotonin-mediateg 
presynaptic facilitation (see above). 


. Long-term potentiation (Fig. 102.2): Here, there js 


enhanced postsynaptic response for much longer 
periods, even lasting for days, following application 
of high frequency stimuli over a brief period. It is 
to be noted that it is due to increase in intracellular 
Ca** ions in postsynaptic neuron (compared to 
post-tetanic potentiation where there is a rise in 
intracellular Ca** ions in presynaptic neuron). 

The mechanism involved is complex. Simply 
stated, this involves AMPA and NMDA receptors in 
the postsynaptic neuron. Glutamate released from 
presynaptic terminal depolarizes postsynaptic 
neuron through AMPA receptor and only then 
NMDA receptors are activated resulting in Ca” 
entry. 
This further augments activity of AMPA receptors 
and causes migration of more AMPA receptors 
the synaptic site. 

Also, it is believed that NO released from 
postsynaptic neuron induces prolonged release o! 
neurotransmitters from the presynaplc neuron. 


. Long-term depression: 


This is similar to long-term potentiation but the 
effect is inhibitory. It is presumed to be due 2 
phosphorylation of GluR2 subunit of AMPA recep 
resulting in decreased conductance through thet 
Further, the AMPA receptors are probably moved 
away from the synaptic membrane. 





sensory receptors are distinct from receptors present in 
cel] membrane and cell interior concerned with chemical 
communication. 


f DEFINITION 


A sensory receptor is defined as a biological transducer 
capable of converting different forms of energy into action 
potentials, which are transmitted through the nerves 
connected to the receptor. 

Thus stimuli such as touch, pain, etc. activate corres- 
ponding receptors, which convert them into action 
potentials transmitted through the afferent nerves. 

According to morphological character, receptors may 
be grouped as follows (Figs. 78.1A to E): 

|. Free nerve endings where the nerve does not show any 
terminal specialization, e.g. in pain fibers. 

2, Nerve endings with expanded tip, e.g. Ruffini end-organs 

and Merkel’s disk. 

. Encapsulated nerve-endings where the nerve-endings 
ale surrounded by a capsule, e.g. Pacinian corpuscle 
esd Meissner’s corpuscle. 

. Specialized cells where the receptors are separate 
specialized cells connected to the nerve, e.g. rods and 
cones in retina, hair cells in cochlea. 

. Sense organs where the receptors are mixed with non- 
neural cells, e.g. taste bud. 


ew 
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ECLASSIFICATION 


Receptors may be classified in several ways. One convenient 
Way of classification is as follows: 
'. Cutaneous receptors (for skin senses): 
4. Touch receptors: 
¢ Slowly adapting—Merkel’s disk and Ruffini end- 
organ, 


Receptor 





E} 
Figs. 78.1A to E: Different types of sensory receptors. (A) Meissner’s 
corpuscle; (B) Ruffini end-organs; (C) Merkel’s disk; (D) Pacinian 
corpuscle; (E) Free nerve endings. 


¢ Rapidly adapting—Pacinian corpuscle and 
Meissner’s corpuscle (see p. 503 for details). 
b. Pain receptors—free nerve endings. 
c. Temperature receptors—free nerve endings. 
2. Proprioceptors (These provide information about body 
movement and position of the body in space) 
a. General proprioceptors—muscle spindle and Golgi 
tendon organ. 
b. Special proprioceptors—hair cells in saccule, utricle 
and semicircular canals. 
3. Receptors for special sense: 
a. Vision—rods and cones 
b. Hearing—hair cells in cochlea 
c. Taste—taste buds 
d. Smell—olfactory cells. 
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4. Receptors for visceral sense: 


ee 


¢ If the stimulation is strong, the 


a. Baroreceptors—sense stretch of vessel wall, e.g. potential is large. This large Zeneratyy et 
carotid sinus baroreceptors. depolarizes the afferent nerve again ; fi 

b. Osmoreceptors—sense osmotic changes, ©.§. repolarizes following an action potentia) 
hypothalamic osmoreceptors. result, repeated firing of action potential , As 4 

c. Chemoreceptors—sense chemical changes (pO,, Thus, the frequency of action potentia| ‘i = 5 
pCO,, and pH), e.g. glomus cells in carotid body. proportionate to the magnitude of the a? 
Mechanism of transduction of stimulus into potential, which again depends on the strene. 

of the stimulus. Neth 


action potential in a Pacinian corpuscle: 


¢ However, when the stimulus becon, 


¢ The mechanism of transduction of stimulus €S ver, 
in a receptor is very well demonstrated in the strong, the frequency of action potentials show. 
Pacinian corpuscle. The Pacinian corpuscles are a relative decrease. 
rapidly adapting touch receptors usually present ¢ ‘Thus, ther eee ptOrs respond with action Potentis) 
in deeper structures. They transmit the sensation to very weak stimuli to which they are mos 
of high frequency touch-pressure, e.g. vibration sensitive. But, the frequency of action Potential 
sense. shows a relative decrease with high Stimulys 
¢ Because of their large size and easy accessibility strength. This property enables the receptors ,, 
(present in the mesentery), they have been respond to a very wide range of stimulus strep 
extensively studied. ¢ Excision of the lamellae or blocking the first node 
¢ They have a lamellated outer corpuscle within of Ranvier fails to abolish the generator potentia, 
which lies the unmyelinated nerve terminal and But the generator potential disappears with 
the first node of Ranvier. degeneration of the unmyelinated portion of the 
¢ On application of pressure on the Pacinian nerve terminal. This proves that the generato; 


corpuscle, the pressure is transmitted through 
the outer lamellae and there is distortion of 
the unmyelinated nerve terminal leading to 
production of receptor or generator potential. 

It is presumed that distortion of the unmyelinated 
nerve terminal opens some Na*-channels. Entry of 
Nat ions leads to depolarization and production 


potential is produced in the unmyelinated nerve 
terminal. 

It should be noted that blocking the node 
of Ranvier prevents transmission of action 
potential. On the other hand, excision of the 
lamellae leads to loss of adaptation. 


Adaptation (Fig. 78.2): 
1. When a stimulus is applied at constant intensity for a 
prolonged period, the response (frequency of action 
potential) declines with time. This is called adaptation. 


of generator potential. 

¢ When the receptor potential crosses a threshold 
value, action potentials are produced and they 
propagate along the connected nerve fiber. 


Off response 


Receptor response 
Receptor response 


Co — Stimutus 
[dC Stimutus _ 
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Slowly adapting tonic receptor 


Time 
Rapidly adapting phasic receptor 


Fig. 78.2: Adaptation in tonic and phasic receptors. 
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~ aqaptation varies in different types of receptors ened cm 


pacinian corpuscles and Meissner’s corpuscles are fi PROPERTIES OF RECEPTORS 


examples of rapidly adapting receptors, These are also | 1. Adequate stimulus: A rece 


-alled phasic receptors. Their response is bri ptor may be stimulated by 
L 
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on 


ef due to 
rapid adaptation of receptors. 


pain receptors, baroreceptors show very little adapta- 
gon. They are called tonic receptors. 
absence of adaptation in tonic receptors like pain 
receptors is of critical importance because they warn 
the body about the presence of a potentially injuring 
stimulus. 

similarly, baroreceptors are able to perform their 
function of maintaining blood pressure (BP) effectively 
as they do not adapt with passage of time. 


‘In rapidly adapting receptors, there is a spike-like 


short-lasting depolarization (receptor potential) in 
the beginning of a prolonged constant stimulus. The 
membrane potential drops to the baseline when 
the stimulus continues as adaptation ensues. It is 
interesting to note that the end of the stimulus is also 
marked by a short-lasting spike-like depolarization— 
the so-called off response. 

We do not feel our dresses as long as we wear them 
(due to adaptation of the prolonged touch stimulus) but 
we feel their presence when we begin to undress. This 
is due to the off response. 


Adaptation may be confused with habituation as both 
cause diminished response to persistent stimuli. 
However, they are distinctly different in that habituation 
is a form of synaptic plasticity (p. 490) occurring in CNS 
whereas adaptation is modification of receptor response 
found in peripheral nervous system. 


[NE ANISM OF ADAPTATION IN PACINIAN CORPUSCLE 


I, 


rm 
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li 'acinian corpuscle, pressure applied is transmitted 
ough the outer lamellae, causing an initial deformity 
0 !-e unmyelinated nerve terminal with the production 
0! :enerator potential. 

bu’, if the pressure persists, there is rearrangement 
©! the lamellae, which relieves the pressure on the 
unmyelinated nerve terminal. As a result, the generator 
Potential ceases. This is the basis of adaptation. 

Also, there may be slow accommodation of the unmy- 
‘linated nerve fiber. This occurs because sustained 
displacement of the unmyelinated nerve terminal 
“uses inactivation of Na’ channels that initially opened 
during formation of generator potential. So, generator 
Potential ceases. This also contributes to adaptation 
(see p, 40), 


Several different forms of energy but it is especially 
Sensitive to a Particular type of stimulus with a low 
threshold value. This stimulus is called adequate 
Stimulus, 
For example, pressure can stimulate photoreceptors 
but the threshold value of pressure required to stimu- 
late a photoreceptor is very high whereas the photore- 
ceptors are easily stimulated by light. Therefore, light is 
the adequate stimulus in case of photoreceptors. 


- Doctrine of specific nerve energies: 


a. The nerve pathway from a receptor to the site of 


termination in the cerebral cortex is distinct and 
any stimulus exciting this pathway anywhere in its 
course will produce the specific sensation evoked 
by the receptor. This is also known as “labeled line 
principle”. 

b. The sensation evoked depends on the specific part 
of brain activated. As an example, the touch pathway 
extends from the cutaneous receptor, passes 
through the spinal nerve, ascends up the spinal cord 
to the thalamus, and ultimately ends in the specific 
part of postcentral gyrus of brain stimulated by the 
touch receptor. Stimulation anywhere in this path 
(even at the cerebral cortex) evokes the sensation 
of touch. 

c. This contradicts the overstimulation hypothesis, 
according to which overstimulation of any type of 
receptor produces pain. However, overstimulation 
hypothesis has now been discarded. 


. Law of projection: 


a. When anerve path from the receptor to the cerebral 
cortex is stimulated anywhere along the course, the 
sensation caused by the stimulus always appears to 
originate from the exact location of the receptor. 
This is called the law of projection. 

b. During surgery on brain, stimulation of particular 
sites of the sensory areas of cerebral cortex evokes 
sensation in corresponding receptors which may be 
located in the distant peripheral parts. 


c. Phantom limb: 


¢ ‘The phantom limb is an exquisite example of the 
law of projection. Here, the limb is amputated 
and the transected nerve often forms stump 
neuromas. 

¢ When this transected nerve is stimulated, the 
patient feels as if sensations are coming from the 
original location of receptors in the nonexistent 
limb. A dramatic example is the patient trying 


to drive away a fly (or a mosquito) from the 
nonexistent limb. 


¢ Another explanation of the “phantom limb® 
phenomenon is cortical plasticity (p. 592). 

¢ According to this, the sensory cortex correspond 
ing to the amputated limb js initially unused. 
However, this unused cortex is soon occupied by 
the adjacent areas, ¢.g. the amputation stump, 
So, stimulation of the amputation stump gives 
rise to sensations apparently arising from the 
nonexistent limb as this process stimulates areas 
of cerebral cortex that previously represented the 
nonexistent limb. 


4. Weber-Fechner law: 


a. If the intensity of stimulus is increased 10 times, 


the sensation felt only doubles. Thus, sensation 
felt appears to vary with the log of the intensity of 
stimulus. This is known as Weber-Fechner’s law. 


. But now, it has been shown that more accurately, 


sensation felt varies with a power function of the 
intensity of stimulus. 

According to this principle known as “power law” 
R= K(S - k)’ 

where, R = Sensation felt 

S = Intensity of stimulus 


K, k, and y are constants for the particular type of 
sensation. 


5. Lateral inhibition (Fig. 78.3): 


a. Accurate localization of a stimulus is facilitated by 


lateral inhibition. Figure 78.3 shows the mechanism 
of lateral inhibition. 


. In the figure, an object stimulates three receptors. 


The central] receptor, in more intimate contact with 
the object, is stimulated much more strongly than 
the two receptors located more laterally. So action 
potentials of higher frequency will be transmitted 
by the central neuron while the lateral neurons will 
carry action potentials of lower frequency. 





Section 11: Nervous Systern 





| Sart Toe | a | 
Fig. 78.3: Mechanism of lateral inhibition (Gee 12 


c. Now each neuron inhibits the neurons later)», . 
according to the principle of lateral inhibiricg, Se, . 
the transmitted impulse is stronger in the core. 
neuron, it inhibits the lateral neurons strong » 
inhibitory interneurons, The lateral neurons ay, -- 
to inhibit the central neuron but, as the transmir- 
impulses in the Jateral neurons are weak «= 
inhibitory effects on the central neuron are ay. 
weak. The net effect is that the centraj neuro 
transmits a much stronger signa! than the lates 
neurons. Thus, the original degree of stimulate: 
of the three receptors is accurately reflected » 
the neurons due to Jateral inhibition. This helps « 
accurate localization of the object 


d. It may be noted that the phenomenon of latera 


inhibition is best seen in the pathways requirse 
accurate localization, ¢.g. pathwa). carrying tm 
touch. It is not so much evident in o«Lnways whee 


localization is relatively poor, e.g pai vways carry 
pain, temperature, etc. 








f DEFINITION 


4ytomatic, involuntary, and reproducible effector response 
10 a sensory stimulus is called a reflex, Although a reflex 
most always involves the central nervous system (brain or 
spinal cord), there are exceptions, e.g. short reflexes of the 
gut, axon reflex, etc. which bypass the central nervous system. 


J PARTS OF A REFLEX ARC (FIG. 79.1) 


Areflex arc (pathway of reflex activity) may be divided into 
several parts: 

a. The receptor—this is located peripherally and is 
excited by a stimulus. A generator potential is thereby 
produced. 

b. The afferent path—this is formed by the neuron 
connecting the receptor to the CNS. When the generator 
potential in the receptor is strong enough, action 
pclentials are formed and are propagated by the 
arent path to the CNS. 

¢.( \ter—this is an integrating area in the CNS formed 
b one or more synapses connecting the afferent path 
\ ‘he efferent path. 

d. | rent path—this is formed by the motor neuron 
C’ veying the motor command from the center to the 
“"-clor organ, e.g. muscle. 

 Lector organ—the effector organ is usually a muscle 
ora gland. As a result of the reflex action, the muscle 
Contracts or the gland secretes. 


UCLissitication oF REFLEX 


|. Reflexes are Classified in many ways, e.g: 
4: Monosynaptic and polysynaptic 
Conditioned and unconditioned 
e Superficial and deep, etc. 
Clinically, reflexes may be superficial and deep. 





Reflex 









Center 


Afferent limb 
Receptor 


Efferent limb 
Muscle (effector organ) 


Fig. 79.1: Parts of a reflex arc. 


2. In superficial reflexes, the receptors stimulated lie in 
superficial structures like the skin. Also, more than one 
synapses are usually involved. 

Examples are the plantar reflex, the abdominal reflex, 
cremasteric reflex, etc. 

3, In deep retlexes, the receptors lie in deeper structures 
like muscle spindles and the reflex is usually monosyn- 
aptic. Examples are the stretch reflexes, e.g. knee jerk, 
ankle jerk, biceps jerk, triceps jerk, etc. 


STRETCH REFLEX (FIG. 79.2) 


1. It is a monosynaptic reflex initiated when a muscle is 
stretched and this results in contraction of the stretched 
muscle. Knee jerk, ankle jerk, biceps jerk, triceps jerk, 
etc. are examples. Jaw jerk is a stretch reflex seen in the 
face. 








Fig. 79.2: Pathway of stretch reflex and inverse stretch reflex; 
a—ia afferent from muscle spindle, b—inhibitory interneuron, 
c—h afferent from Golgi tendon organ, and d—motor neuron to 
extrafusal fiber. 


2. In these reflexes: 
a. Stimulus is stretch of the muscle. 
b. Single synapse is involved, e.g. the reflex is mono- 
synaptic. 
c. Receptor is muscle spindle. 
d. The muscle that contracts is the same as the 
stretched muscle. 


§ STRUCTURE OF A MUSCLE SPINDLE (FIG. 79.3) 


1. A muscle spindle contains about 10 muscle fibers, 
which are indistinctly striated. These muscle fibers do 
not directly contribute to contraction of the muscle as 
they are thinner and much shorter. These are called 
intrafusal muscle fibers whereas the contractile fibers 
of the muscle proper are called extrafusal fibers. 
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2, ‘The intrafusal fibers of muscle spindle lie Parall 
extrafusal muscle fibers. The ends of muse Di lta 
connected to the sides of extrafusal fibers Ndle 5, 

_ The intrafusal muscle fibers are of two types 

These are—(a) nuclear bag fiber and (b) nucle, 

fiber. oe Chain 

a. Nuclear bag fiber is so called because its 
portion is dilated like a bag and containg , 
nuclei. Usually two nuclear bag fibe 
one muscle spindle. 

One of them is dynamic bag fiber and the 
static bag fiber. The latter has the same fyp 
a nuclear chain fiber. 

b. Nuclear chain fibers are shorter and thinne; The 
two ends are attached to the nuclear bag fiber Nie 
in these fibers are arranged linearly in a single fl ei 

4. The peripheral parts of intrafusal fibers possess contra. 
tile function. When they contract, the noncontractije 
central portion is stretched. 
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Bf INNERVATION 


1. Sensory: 

a. The central portions of the nuclear bag fibers as wel 
as those of nuclear chain fibers contain annulospiral 
endings of group Ia afferent fibers. These are large 
myelinated nerve fibers carrying afferent impulses 
from the muscle spindle to the CNS at a very high 
velocity. 

b. Nuclear chain fibers have several other sites of 
innervation called flower-spray endings near their 
peripheral ends. From these groups I afferent fibers 
arise. 

Group II afferents also arise from static bag fiber. 
2. Motor: 

a. The intrafusal fibers are supplied by a special type ot 

motor nerve fiber called ‘y’ motor neuron. 


— la afferent from nuclear 
bag fiber and chain fiber 


—— |L afferent from 
nuclear chain fiber 


~~ Nuclear bag fiber 
/ | ~~~ Flower-spray ending 


III a> E/C 4 


Nuclear chain fiber 


Fig. 79.3: Structure of a muscle spindle. 
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Static stretch reflex involves both Group I and II 
afferents which synapse with «-motoneurons. The 


———_. 
et 





a 


re of small diameter (3-6 jam) 


and constitute 
«, of motor fibers arising fro Ite 


m the anterior 


These & 
about 30 
hom . 


-. The y-motoneurons end in two different types of 
endings: 

: pynamic y-motoneurons ending in plate-endin 

in nuclear bag fiber . 

» Static y-motoneurons ending in trail ending in 

static nuclear bag fiber and nuclear chain fiber 

;, Besides this, B-motoneurons of larger size supply 

jntrafusal fibers in addition to extrafusal fibers. 

The Ia fibers arising from dynamic nuclear bag 

aber show dynamic response in that they are most 

sensitive to the rate of change in length. So, they 
can quickly detect any change of length and initiate 
corrective movements. 

In contrast, the Ia and group II fibers arising from 
static bag fiber and nuclear chain fiber respond to 
sustained stretch indicating the length of the muscle 
in steady state. 

; The dynamic y-motoneurons increase the 
dynamic activity of Ia afferents whereas the static 
y-motoneurons increase the static activity in Ia and 
group II afferents while decreasing the dynamic 
response of group Ia afferents. 


J ACTION OF MUSCLE SPINDLE 


|. When a muscle is stretched, the muscle spindle lying 
parallel to the extrafusal muscle fibers is also stretched. 

2. The stretch in the intrafusal fibers is transmitted to 
their central portions. This leads to stimulation of the 
annulospiral endings of group Ia afferent neurons. 
These neurons synapse with anterior horn cells and 
thus reflexly excite a-motor neurons supplying the 
extrafusal muscle fibers of the same muscle. As a result, 
‘c¢ muscle contracts and the original length of the 
“uscle is restored. 

3. (1 the other hand, when the muscle contracts, 1.€. 
_ortens, the muscle spindle, lying parallel to the 
-‘rafusal muscle fibers, becomes totally relaxed or 
- ck. In this condition, no impulse is carried by the 
-erent neurons. This reduces reflex motor neuron 
“ischarge and the muscle tends to lengthen. 

-Trom the above, it can be concluded that the muscle 

‘pindle helps in maintaining muscle length. 
‘One should note that stretch reflex has two compo 
“ents— Dynamic and static. 
Dynamic stretch reflex involves only la afferents which 
orm monosynaptic connections with a-motoneurons, 
this is the immediate contracting or relaxing response 
Caused by a sudden stretch or loss of stretch, when only 
© dynamic nuclear bag fibre will be stimulated. (rate 
a change of stretch increases or decreases). 


si 


oy 


| 


| 


shortlasting dynamic reflex is followed by static stretch 
reflex which is a weak, prolonged contractile response 
maintaining a constant muscle length, caused by 
Static afferent signals arising from both nuclear bag 
and nuclear chain fibres. The static stretch reflex is 
responsible for maintaining muscle tone. 


One should note that, in reality, a single la afferent 


nerve forms monosynaptic connections with a large 
number of motoneurons supplying the stretched muscle 
(divergence). Conversely, each single motoneuron is 
connected to a large number of Ia afferents (convergence). 
Due to this reason, the response in stretch reflex is quite 


powertul. 


Hf ROLE OF y-EFFERENTS 


L. 


bo 


Muscle contraction by y-efferent discharge: 

a. Although y-efferents themselves do not directly 
cause muscle contraction, they can lead to muscle 
contraction by indirect means. 

b. When y-efferent motor neurons discharge, the 
peripheral contractile portions of intrafusal muscle 
fibers contract >the nuclear bag region is stretched 
stimulating the annulospiral endings of group la 
afferent neurons—> reflex contraction of extrafusal 
muscle fibers. 

c. Thus, a muscle can contract not only following 
a-motoneuron discharge which directly causes 
extrafusal muscle fiber contraction, but, it can also 
contract following y-motoneuron discharge as 
described above. 


. a-y coactivation: 


a. When a muscle contracts due to direct activation 
of a-motoneurons, the intrafusal muscle fibers 
become slack and there is no stretch on them. So, 
the contracting muscle faces difficulty in responding 
properly to stretch. 

b. However, y-motoneuron discharge accompanies 
a-motoneuron discharge. Due to this “a-y 
coactivation’, the muscle spindle shortens along 
with the contracting muscle and thus retains its 
sensitivity to stretch. 


. Supraspinal influences modulate y-efferent discharge 


and adjust postural control. 


_ Anxiety increases y-etferent discharge leading to 


hyperactive reflexes. 


5. The augmentation of reflexes by Jendrassik’s maneuver 


(see Practical p. 26) is thought to be due to increased 
y-efferent discharge caused by the maneuver. 


ae 
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6. Noxious stimuli increase y-efferent discharge - 
ipsilateral flexor muscles and decrease y-discharge 7 
ipsilateral extensor muscles. The pattem ofy-dischargt 
is opposite in the contralateral limb. 


a 


kloop maintaining 


The muscle spindle-mediated feedbac 
illation. This leads 


muscle length normally has a small osc 
to an almost imperceptible tremor with a frequency of 


about 10 Hz. This is called physiologic tremor. Spindle 
activity especially the dynamic response tends to 
this oscillation. On the contrary, the tremor Is 


exaggerated by factors like drugs, anxiety, etc. 


Bf INVERSE STRETCH REFLEX (SEE FIG. 79.2) 


muscle is stretched, the muscle 
flex. But, if the stretch is 
le. This is 


1. Normally when a 
contracts due to stretch re 
excessive, there is relaxation of the musc 
known as inverse stretch reflex. 

2. The receptors of the inverse stretch reflex are Golgi 
tendon organs. These are extensively branched, 
“knobbed” nerve endings in muscle tendons. 

3. Unlike the parallel disposition of muscle spindles with 
the extrafusal fibers of the muscle, the Golgi tendon 
organs remain in series with the muscle. 

Again, whereas the muscle spindle tends to prevent 
change in muscle length, the Golgi tendon organ 
regulates force of muscle contraction. 

4. The inverse stretch reflex is disynaptic in nature. When 
the muscle is stretched strongly, group Ib afferent 
neurons arising from the Golgi tendon organs are 
stimulated. These form synapses with inhibitory 
interneurons which, in turn, synapse with a-motor 
neurons supplying the muscle being stretched. Thus, 
the muscle reflexly relaxes (at the same time, Ib nerve 
fibers synapse directly with motoneurones supplying 
antagonist muscle which contracts.) 

5 It should be noted that although a strong passive stretch 
is needed to activate the Golgi tendon organ and elicit 
inverse stretch reflex, the threshold of Golgi tendon 
organ is low. 

6. During passive stretch of a milder degree, the elasticity 
of muscle fibers reduces the stretch on Golgi tendon 
organ itself which is therefore not stimulated in spite 
of a low threshold. This is the reason why a passive 
stretch should be strong to elicit the inverse stretch 
reflex although the threshold of Golgi tendon organ is 


low. 


 CLASP-KNIFE RIGIDITY 


1. In upper motor neuron (pyramidal) lesions or in 
hypertonic conditions, it is often found that during | 


. The 


passive flexion of a limb, there is initial re Sigs 

followed by sudden drop in resistance and relaran” 
it simulates the folding of a clasp-knife, ang : lon 
named clasp-knife rigidity. Hig 
cause of this phenomenon seems to be j, 

stretch reflex followed by inverse stretch refle, _ 
example, when an extended limb is passively ve or 
initially there is resistance due to contraction i 
stretched extensor (stretch reflex). On increased ws ‘ 
there is relaxation of the extensors allowing fle, 


(inverse stretch reflex). 


Withdrawal Reflex 


lL. 


. Mechanism of withdrawal reflex: Sup 


When a noxious (painful) stimulus is applied to a lim) 
there is reflex withdrawal or flexion of the limb. This ; 
known as the withdrawal reflex or flexor reflex. 


- Reflex withdrawal (flexion) ofa limb is often associate, 


with extension of the opposite limb, to maintaiy 
balance. This is called crossed extensor response 


(Fig. 79.3A) 


_ Withdrawal reflex is best seen in a spinal animal whose 


spinal cord has been transected. Such an animal is 
obviously free from the influence of higher centers. 
In such an animal, the different properties of 
withdrawal reflex such as recruitment, irradiation, after 
discharge, etc. are very well demonstrated (see below). 


. Prepotence: An existing reflex is overridden by 


withdrawal reflex. This property of withdrawal reflexis 
called prepotence. 


_ Survival value of withdrawal reflex: W ithdrawal reflexis 


an important means of survival. The flexion movement 
removes the limb from the source of pain. Also, the 
response to a strong nociceptive stimulus irradiates to 
all four limbs and puts the animal in a position ready for 
running away from the source of pain (see irradiation 
below). 
pose, a painful 
stimulus is applied to the lower limb. Pain afferents 
arising from the injured area (where the inful stimulus 
is applied) reach the spinal cord via the dorsal root 

In the dorsal horn, the afferent nerves {orm synaPs® 
with at least two groups of interneurons (We othe! 
groups of interneurons are also stimulated as WE will 
see later). Of them, one group of excitato! y incemewro™” 
directly synapses with neurons inner\ "5 flexors o! 
the injured limb (e.g. hamstrings 11 c- of the lowe! 
limb) while another group of inhibitor inrerneurel 
synapses with neurons innervating |: extensors 
that limb (quadriceps in case of the lowe! limb). Thus 
the painful stimulus causes contraction of he tlexo? 
and relaxation of the extensors. This restil{s? flexio? 
or withdrawal of the limb from the source 0! pail. 
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~~ Efferent nerves to flexors 
and extensors of contralateral 
lower limp causing extension 


Afferent nerve 
going to dorsal horn . 


Efferent nerves to flexors 
and extensors of ipsilateral 
lower limp causing flexion 


™~ 
Sen 
Pens, 
 o0 wean 


Noxious stimulus 


Fig. 79.3A: Nerve pathways of crossed extensor reflex. 


7. Crossed extensor reflex (mechanism): Here, apart | 2. Local sign: 


from the two sets of interneurons activated in a. When a painful stimulus is applied to a limb, there 
withdrawal reflex as described above, two other is flexion. This is the withdrawal reflex. Now, if the 
sets of excitatory and inhibitory interneurons stimulus is applied to the medial side, the limb is 
cross over to the contralateral limb and ultimately flexed and abducted. 
synapse with neurons that innervate the flexors and b. Conversely, if the stimulus is applied to the lateral 
extensors of that limb but in the opposite manner. side, the limb is flexed and adducted. Thus, the 
Thus, on stimulation of the ipsilateral limb by a reflex action is modified according to the location 
painful stimulus, excitatory interneurons stimulate of the stimulus. This is known as local sign. 
neurons supplying the extensors of the contralateral | 3 Reaction time: 
‘i. while inhibitory interneurons synapse with a. The delay between the application of the stimulus 
n ons supplying the flexors of that limb. So, there and the reflex action taking place is called reaction 
 -ntraction of extensors along with relaxation time. In case of knee jerk, this is 19-24 milliseconds. 
©. -xors in the contralateral limb. This results in b. Reaction time = Central delay (delay in the synapses) 
« «sion of the opposite limb while there is flexion + Peripheral delay (delay due to conduction of the 
0 e injured (ipsilateral) limb. This constitutes the nerve impulse in peripheral nerves). By determining 
© sed extensor reflex. Obviously, this plays an central delay, number of synapses in a particular 
i ortant role in maintaining balance when the reflex arc can be deduced (see p. 487 for details). 
lle +d limb is off the ground. 4, Fractionation: In a reflex arc, even if the sensory nerve 
is maximally stimulated, the reflex response is less than 
othr, PROPERTIES OF REFLEXES when the muscle is directly electrically stimulated. 
tle This shows that the afferent nerves only partly or 
quate stimulus: 


fractionally stimulate the motor neuron pool. This is 


a. es ce of an ; 
 Teflex action takes place only in presen known as fractionation. 


adequate stimulus of exact nature. Slight variation 
of the stimulus may fail to elicit the reflex. 


Nn 


. Occlusion: In a reflex contraction, if the individual 


Thus light rays striking the retina evoke the light sensory nerve fibers are separated by dissection and 
tales aoe § ne = uscle tendon is required stimulated first individually and then simultaneously, 
to elicit the salad naa and so on. These are the sum of the tension of individual contractions 


exceeds the tension of simultaneous contractions 
“xamples of adequate stimulus. } 
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nsory nerve fibers, when 


This is because the se 
yen 


synapsing with motor neurons, share some CC , 
motor neurons. As a result of this, during simultaneous 
contraction, the common motor neurons can fire only 
once. 

In contrast, in individual contractions, the com mon 
motor neurons fire separately and the sum of he 
effects is increased. Thus, the response is weaker during 
simultaneous contraction. This is called occlusion (see 


also p. 490). 


_ Recruitment, irradiation and afterdischarge: (These 


are best demonstrated in a spinal animal) 

a. Recruitment: Ifthe limb ofa spinal animal is pinched 
with increasingly greater force, it is seen that the 
reflex flexion of the limb also increases in degree. 
It indicates involvement of progressively greater 
number of active motor neurons. This is known as 
recruitment. 

b. Afterdischarge: As stronger painful stimuli are 

applied to the limb ofa spinal animal, flexion occurs 
for a prolonged time. This is due to the prolonged, 
repeated discharge of motor neurons involving 
complex paths such as reverberating circuits. This 
is known as afterdischarge. 
Reverberating circuit: (Fig. 79.4) In an example of 
this special type of neuronal circuit, as shown in 
the figure, some branches of sensory afferents tum 
back and synapse with more proximally located 
neurons. As a result, the nerve impulse, in addition 
to progressing in forward direction, reexcites 
the proximal neurons. This results in prolonged 
neuronal discharge, as commonly found in case of 
afterdischarge. 

c. Irradiation: As a strong, painful stimulus is applied 
to the lower limb of a spinal animal, the response is 
not only limited to flexion of that limb, but spreads 
to cause extension of the opposite limb (crossed 
extensor response) and also spreads to the upper 
limbs causing extension of the ipsilateral upper 
limb and flexion of the contralateral upper limb. 
This is known as irradiation. 
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Fig. 79.4: Reverberating circurt | See text 


One may note that this position of the imix « 


perfect for running away, which may be heipay i 


survival. 


7 Final common path: The anterior hom cell of the azz 


cord extends as the efferent motor neuron proceeding 
to the extrafusal muscle fibers. 

All motor responses including a number of segmens 
and suprasegmental reflexes are conveyed throug Ss 
common efferent motor neuron. So, this is called ds 
“final common pathway - 


_ Central excitatory or inhibitory state: 


a. Activity in reverberating circuit, a 
inhibition from higher centers or sdmulaton 
effect of synaptic neurotransmitters May ead 2 2 
prolonged rise in excitability of the sp inal cord. 

This is termed central excitatory state. Lkews®.: 
central inhibitory state may also exist 

b. In presence of central excitatory state withdrawal 


reflex in a paraplegic patient in response % = 
noxious stimulus causes in addition to Hemen 3? 
> aan TAX 


changes, sweating, urination, and cefeca 
is called mass reflex. This occurs because exc 


from somatic areas spreads to autonomuc cea 
due to central excitatory state caused Dy absences 


inhibition from higher centers. 
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1, The sensory receptors situated in the peripheral parts 
of the body, on being stimulated by various sensory 
stimuli, transmit impulses along sensory nerves to 
the spinal cord where they form the ascending tracts 
(Fig. 80.1). 

2, The ascending tracts move upwards along the spinal 
cord and ultimately reach the cerebral cortex via the 
thalamus. 

3, There are two main areas in the cerebral cortex, which 
form the sites of termination of the ascending tracts. 
These are somatosensory area I in the postcentral gyrus 
and somatosensory area II in the Sylvian fissure. These 
are responsible for higher sensory functions (Fig. 80.2). 


Somatic sensory area | (SI) 


Posterior parietal cortex 


Somatic sensory area |! (Sil) 





Fig. 80.2: The somatosensory areas of cortex. 


b. Somatic sensory area II (SII) is concerned with 
further processing of sensory information coming 


4. a. Somatic sensory area I (SI) is responsible for sensory to this area from SI. 
processing, such as position sense and discrimina- c. These two areas perform their functions as if they 
tion of size and shape. 


are connected in series. This is proved by the fact 


SENSORY TRACTS MOTOR TRACTS 


Fasciculus gracilis 


Fasciculus cuneatus 


Dorsal spinocerebellar , . 
Lateral corticospinal 
rae tract 


Ventral spinocerebellar Rubrospinal tract 


tract 
, Medial + lateral 
Lateral spinothalamic reticulospinal tracts 
tract 
Olivospinal tract 
Anterior spinothalamic Medial vestibulospinal tract 
tract 





Lateral vestibulospinal tract 


Anterior corticospinal \—_________ Tectospinal tract 
tract 


Fig. 80.1: Cross-section of spinal cord showing the sensory (ascending) and motor (descending) tracts. 
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that lesion in SI affects SU function whereas lesion 
in SI has no effect on SI function, 


5. The sensory homunculus: 


a. 


The sensory representation in the postcentral gyrus 
has a typical pattern. 

The body is represented upside down with the 
legs above and the head below. 


_ Besides, the area of representation in the cortex of 


the individual part of the body is proportional to 
the number of receptors in that part of the body. 
Diagrammatically, it is shown in Figure 80.3, in 
which each part of the body has been distorted 
in proportion to its sensory representation in the 
cortex. This map of sensory representation is known 
as sensory homunculus. 


. Itshould be noted that the areas with largest sensory 


representation (with highest number of receptors) 
are the thumb and fingers, the lips, parts of mouth, 
etc. and so the cortical areas occupied by these parts 
are disproportionately big. 

[Cortical plasticity. One may assume from the 
description of sensory homunculus that sensory 
fibers from specific parts of the body occupy specific 
areas of the sensory cortex and this relationship is 
fixed and immutable. 

However, it is seen that in a person with an amputated 


limb, the cortical area corresponding to the amputated 
portion is soon occupied by neurons of adjacent 
portions of the body. 


Conversely, if a portion of the cerebral cortex has a 


lesion or is ablated, the corresponding part of the body 
is subsequently represented in adjacent cortical areas. 





Fig. 80.3: Sensory homunculus. Fingers, thumb, and lip show 


larger cortical representation. 
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This malleability of cortical represent 
parts is known as cortical plasticity, 
‘This plasticity helps us to explain: 

a, The fact that stimulating the amputation ¢4, 
may cause sensation, which appears to arise en 
nonexistent amputated limb. This is an alternar; p 
explanation of the “phantom limb" phenomen,, 
(see p. 493). n 

b. The observation that a deaf person can have More 
improved visual function than normal individyai. . 


ation of hoe 


fj DISPOSITION OF GRAY MATTER-REXED LAMINA (FIG, 80.4) 


l. 


If we consider a cross-section of the spinal cord, we 
can find that the centrally situated gray matter has the 
shape ofa butterfly, surrounding the central canal ang 
it is divided into anterior, lateral, and posterior horns 


. Rexed divided the gray matter according to histological 


pattern into 10 layers or laminae. These are known as 
Rexed laminae. 


. The posterior horn is divided into laminae I-VI with 


lamina II and III together constituting substantia 
gelatinosa of rolando (SGR). 


. Lamina VII stretches between the anterior and posterior 


horn while lamina X encircles the central canal. 


. Lamina VIII and IX occupy the anterior horn, lamina 


VIII being situated medially and lamina IX laterally. 


Bl WHITE MATTER 


l. 


In the spinal cord, the butterfly-shaped gray matter 
divides the surrounding white matter into three 
funiculi, which are areas of white matter lying in 
between the horns of gray matter. 


2. The anterior funiculus contains the anterior spinotha- 





lamic tract. The lateral funiculus contains the lateral 





Fig. 80.4: Rexed lamina. 
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pinothalamic tract, the dorsal, and ventral] Spinocer¢ 7 
‘ ere. 

pellar tracts. 


yosterior funiculus contains fasciculus gr 


: acilis and 
culus cuneatus (tracts of Goll and Burd 


ach), 
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gpet-WAGENDIE' LAW 


ne spinal cord has two nerve roots—(1) 
| sentra and (2) posterior (dorsal), 
» The anterior (ventral) root is motor in function as it 
~ contains the anterior horn motoneurones (a and y) 
along with some preganglionic autonomic fibers. 
. The posterior (dorsal) root is sensory in function as 
~ afferent fibers from the periphery (having the nucleus at 
the dorsal root ganglion) enter the spinal cord through 
this root. 
A pell-Magendie's law embodies the principle that the 
dorsal root is sensory while the ventral root is motor in 
function. 


anterior 


f DERMATOME 


|, Although the human bodyis apparently not segmented, 
the spinal cord is functionally divided into distinct 
segments. In embryonic life, the body was likewise 
distinctly segmented. So, the tissues, the muscles, and 
the nerves all follow a specific segmental pattern as they 
develop from the same embryonic segment. 

. Portion of the skin, supplied by nerves from one such 
segment of spinal cord, is known as dermatome. Der- 
matomes, especially in the limbs, may have apparently 
irregular shape because of the manner in which the up- 
per and lower limbs have projected out from the trunk. 
Another contributing factor is the upright posture of the 
humans. However, when a person adopts the posture 
o' a quadruped, these so-called irregular dermatomes 
» come aligned in a distinctly segmented pattern. 

3. | ere is some degree of overlap in the nerve supply of 
4 ermatome and it receives additional supply from 
(laterals of nerves in adjacent dermatomes. This 
« lains the near absence of sensory loss when a single 

‘sal nerve root is transected. Several contiguous 

herve roots have to be transected in order to produce 

anesthesia in a single dermatome. 
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Recentors 
I. Slowly adapting—Merkel’s disks, Ruffini end-organs, 
etc, 
~ Rapidly adapting—Pacinian corpuscles, Meissner s 


“Orpuscles, etc. Receptors around the hair follicle are 
also important receptors of touch. 


Merkel’s disk and Meissner’s corpuscle are present 
superficially on the surface of the skin whereas Ruffini 
end-organs and Pacinian corpuscles are present in 
relatively deeper layers of skin. 

Pacinian corpuscles and Meissner’s corpuscles, due 
to their rapidly adapting nature, detect rapid changes 
like vibration sensation. 

Pacinian corpuscles respond to high frequency 
(300 Hz) vibration whereas Meissner’s corpuscle, found 
exclusively in glabrous (nonhairy) skin, respond to low 
frequency vibration of 50 Hz. Hair follicle receptors 
are found only in hairy skin whereas the other three 
touch receptors, e.g. Pacinian corpuscle, Ruffini end- 
organs, and Merkel’s disk, are found in both hairy and 
glabrous skin. 

A number of Merkel’s disks are sometimes present 
as a group, producing a dome-shaped elevation 
protruding from the skin. They are connected to a single 
large diameter afferent nerve and they are known as 
Iggo dome receptor. They help in localizing touch and 
assessing texture. 


Afferent Nerves 


Touch is carried by AB fibers having a diameter of 5-12 ym 
with a high conduction velocity of 30-70 M/sec. Some C 
fibers also carry touch sensation. 


Pathway (Figs. 80.5A and B) 


Touch is carried through: 
a. The dorsal columns consisting of the tracts of Goll and 

Burdach. These are also called the lemniscal system. 

b. The anterior spinothalamic tract. 
c. The trigeminal nerve which transmits touch sensation 
from the face. 
A. Dorsal column or lemniscal system 

(Tracts of Goll and Burdach): 

1. The sensory impulses concerned with—(1) fine 
touch, (2) tactile localization, (3) vibration sense 
and (4) proprioception are carried to the cerebral 
cortex via the dorsal columns. 


Note: Conscious proprioceptive sense is carried by 
dorsal column. Although most of the fibers carrying 
proprioceptive sense end in cerebellum, some pass to 
the cortex via the thalamus, 

These latter fibers are believed to carry sensation of 
conscious proprioception. 

Conscious perception of the outline of body image 
is created from the combined sensory inputs of— 
(1) slowly adapting spray endings located around joints, 
(2) Pacinian corpuscles, (3) touch receptors, and (4) 
muscle spindles. 
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Figs. 80.5A and B: Pathway of touch. (A) The anterior spinothalamic tract carrying crude touch; 
(B) Dorsal column pathway conveying fine touch. 


. The first-order neurons arising from the periphery 
and carrying touch sensation have their cell body 
in dorsal root ganglion. They have unusually long 


capsule and end in the sensory cortex (postcentral 
gyrus). 


B. Anterior spinothalamic tract: 


axons which move up along the ipsilateral dorsal 1. Sensory impulses concerned with crude touch pass 
column after entering the spinal cord and end in from the periphery via first order neurons having 
the nucleus gracilis and nucleus cuneatus near the the cell body in the dorsal root ganglion. 
junction between the medulla and spinal cord to 2. These fibers have short axons which end in the 
relay with the second order neurons. Some fibers posterior horn of the spinal cord where the second 
end in an accessory cuneate nucleus. order neurons arise. They cross to the opposite side 
. The nerve fibers coming from the lower part of the in front of the spinal canal and ascend in the anterior 
body form the fasciculus gracilis (tract of Goll). funiculus as the anterior spinothalamic tract. ‘his 
Fibers coming from upper segments gradually tract ultimately ends in the ventral posterolateral 
push these fibers to the medial side. Fibers from the nucleus in the thalamus. 
upper part of the body (above midthoracic level) 3. Third-order neurons arise from the thalamus and 


form the fasciculus cuneatus (tract of Burdach). 
. Second-order neurons arise from the nucleus 
gracilis and nucleus cuneatus, These are called 


end in the postcentral gyrus after passing through 
the posterior limb of the internal capsule. 


C. Trigeminal nerve (Fig. 80.6): 


internal arcuate fibers. 1. Touch sensation from the face region is carried Vi 

They cross immediately to the opposite side and the trigeminal nerve. The cell body of the first-order 
move upwards as the medial lemniscus to end in the neuron lies in the trigeminal ganglion. | 

ventral posterolateral nucleus of the thalamus. 2. The second-order neuron arises from the principt! 

. Some fibers known as posterior external arcuate sensory nucleus in the pons, crosses (o the opposit® 

fibers, arising from the accessory cuneate nucleus, side, and ends in the ventral postero! nedial nucleus 

pass ipsilaterally ending in cerebellum. They are (VPM) of the thalamus. | 

responsible for unconscious proprioception. 3. Third-order neurons arise from the thalamus, pase 

. Third-order neurons arise from the thalamus through the posterior limb of the tternal capsule 


and ascend via the posterior limb of the internal 


and end in the postcentral gyrus. 
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Fig, 80.6: Schematic diagram of pathways of touch and pain 
from face. 


\edial lemniscus is formed by second-order neurons of 
nas of Goll and Burdach. 

Spinal lemniscus is formed by ascending second- 
xderneurons of lateral spinothalamic tract carrying pain 
aod temperature sensation. 

Ingeminal lemniscus is formed by second-order 
eurons of sensory part of trigeminal nerve. 

lateral lemniscus is a part of auditory pathway. 


some higher sensory functions (requiring the cortex for 
“teption) associated with touch are: 
» Stereognosis: It is the ability to identify an object by 
assessing the size, shape, texture, and weight of the 
_ object while keeping the eyes closed. 
~ Ivo point discrimination: 
< Iftwo points are situated very close to each other, it 
may be impossible to discriminate between them 
when they are stimulated simultaneously. 
». The minimum distance that should separate two 
points, at which even on simultaneous stimulation 
“y can be discriminated as separate points, is 
as “minimum separable’, or two-point touch 
threshold. 
. 'wo-point touch threshold varies inversely as the 
sity of receptors. For example, in the fingertips 
igh receptor density, it is only a few mm, 


“Teas, in the back with low receptor density, it is 

4 I, uite large. 

“ttle localization: Although the eyes are closed, the 

the bod “an almost accurately localize the point on 
iza 


¥ Stimulated by touch. This is known as tactile 
tion, 


Note: Blind persons can “read” Braille symbols, which 
are raised dots separated by a distance of 2.5 mm which 
is a little greater than “two-point touch threshold” at the 
fingertips. This enables the blind person to discriminate 
between adjacent dots and decipher the symbols. 


4. Graphesthesia: Ifa number or letter is written by a finger 
on the palm or on the back of a subject, the subject is 
able to recognize the number or letter even when the 
eyes are closed. This ability is known as graphesthesia. 

9. Texture of an object: Keeping the eyes closed, we can 
easily identify objects made of paper, cloth, metal, or 
wood. This ability to recognize the texture of the object, 


though linked to touch, is integrated in the cerebral 
cortex. 


PAIN 


Pain is an unpleasant sensation associated with tissue 
damage. It warns the body about imminent damage and 
so it has protective function. That is why Sherrington aptly 
termed it as “physical adjunct of an imperative protective 
reflex” (Fig. 80.7). 


Receptor 


Pain sensation arises from free nerve endings which 
are called nociceptors. The nociceptors are divided 
into several types according to their function. Thus, 
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Fig. 80.7: Schematic representation of ascending tracts carrying 
touch and pain (sensory pathways from face and paleospinothalamic 
|_ pathway of pain are excluded), 
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sense pressure Changes in the 
plors respond to chemical 
whereas thermal 
ermperacure and 


mechanical nacreeptors 
skin, chemosensitive nocice 
agents like histamine, bradykinin ete, 
nociceptors are stimulated by raised t 
extreme cold, Polymodal nociceptors sense nore (hanone 
of these stimuli, 

rhe free nerve endings, Le. the nociceptors, again 
contain receptors which are activated by various stimull. 
Thus. TRPVI receptors sense intense heat, acids, and 
presence of capsaicin (which ts a vanilloid chemical). 
These receptors belong to the family of transient receptor 
potential (TRP) channels. 

The TRPAL receptors are activated by painful 
mechanical, chemical, and cold stimuli. TRPM8 receptor 
senses cold (M for menthol), TRPV3 and TRPV4 receptors 
sense varying degrees of warmth. TRPV2 receptors sense 
intense heat in the range of 60 degree C. Another receptor 
called ASIC receptor is an ion channel which senses acid. 
(ASIC = Acid Sensing lon Channel) 

Some receptors are indirectly activated by various 
stimuli through intermediary agents. Thus, purinergic pain 
receptors (P2X and P2Y) are stimulated by ATP which is 
secreted in response to painful mechanical stimuli. 

Other pain receptors are stimulated by immune 
intermediaries such as bradykinin, prostaglandin, and 
cytokines. Thus, these receptors are activated by tissue 
injury and they sense pain due to inflammation. 

A tetrodotoxin-resistant Na‘ channel plays an impor- 
tant role in pain perception in humans. This is proved by the 
fact that a genetic mutation involving this channel is found 
in individuals who are totally incapable of feeling pain. 


B AFFERENT NERVE FIBER 


1. Ad type of nerve fiber carries fast pain. 
2. C type of nerve fiber carries slow pain. 


TYPES OF PAIN 


1. Pain is of two types—(1) fast pain and (2) slow pain. 

2. When a tissue is incised by a sharp instrument, say, a 
knife, there is an immediate, sharply localized pain felt 
at the area. This is known as fast pain. 

It is ransmitted via Ad fibers, having a higher velocity 
of conduction. 

3. The “fast” pain is followed by a dull, diffuse, and burning 
type of pain. This is the “slow” pain and is transmitted 
by the slowly conducting C fibers. 

4. Increase in the distance between the site of application 
of the painful stimulus and the brain, increases the 
time interval separating the two types of pain felt. This 
proves the separate conduction velocities of the “fast” 
and “slow” components of pain. 


4 System 


s Newer nomenclature has replaced the terns fy. 


pain and alow pain by the use OF SUCH tering 4, 
“iacriminatlve: pain and “motivational affecty,.: 
Ihe type of pain which senses localization and 
nately gtimulates SOMALOseENsory Corte, 
od “diveriminative™ pain, 

In contrast, paln pathways activating brainster 
reticular formation and centrolateral nucleus of thal 
nding in widespread areas of brain, such gy 
cingulate gyrus, amygdala, frontal lobe. and insula, 
cortex, are concerned with emotional or affective 
component of pain, Hence, this type of pain is termed 
“motivational-affective” pain. 


pan, 
intensity, ult 
and this ts call 


mus and e 


ij PATHWAYS OF PAIN (FIG, 80.8) 


|. The first-order neuron of pain pathway arises from the 
receptors, i.e. free nerve endings and runs toward the 


spinal cord. 
9. There are two different types of fibers, as already men- 


tioned: 

a. The Ad fiber is of larger diameter (2-5 tum) and has 
a higher conduction velocity (12-30 M/sec). 

b. In contrast, the C fibers are smaller (0.4-1.2 tm in 
diameter) with a conduction velocity of 0.5-2 M/sec. 

3, Both types of fibers end in the posterior horn. The Ao 
fibers end in lamina I and V (of Rexed) whereas C fibers 
terminate in lamina I and II. The nerve fibers may move 
up or down a few segments before terminating in the 
dorsal horn, thereby forming the tract of Lissauer. 

4, The pathway formed by Aé fibers is known as neospino- 
thalamic pathway and the neurotransmitter secreted 
is believed to be glutamate. 

5. On the other hand, the pathway formed by C fibers 
is called the paleospinothalamic pathway and its 
neurotransmitter is probably substance P. 

6. Neospinothalamic pathway: 

a. The second-order neuron arises from the posterior 
horn, crosses to the opposite side in front of the 
central canal, and ascends in the lateral funiculus 
as the lateral spinothalamic tract. 

The fibers of the lateral spinothalamic tract 10 
the upper segments of the spinal cord, on reaching 
the lateral funiculus, push the ascending fibers 
from the lower segments laterally toward the 
surface. Therefore, the lateral spinothalamic tract 
is laminated and the fibers from the sacral, lunibal, 
thoracic, and cervical segments are arranged ina 
lateral to medial direction in the lateral funiculus. 

So, an intraspinal tumor will attect pain sensation 
in the upper segments first whereas an extraspinal 
tumor will affect pain sensation in the lowe! 
segments first. 
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<q, 90.8: Pathway of pain: The right half shows the neospinothalamic pathway. The left half shows the paleospinothalamic pathway. 


», The lateral spinothalamic tract terminates in the 


From this, the third-order neuron arises and 
ventral posterolateral nucleus of the thalamus. on eS ane paaees 


through the posterior limb of internal Capsule to end in 
: From there, third order neuron arises, passes the postcentral gyrus (Fig. 80.6). 
through the posterior limb of the internal capsule, 
and ends in the p ostcentral gyrus. Although pain fibers end in the cortex which senses 
- Paleospinothalamic pathway: 


. the finer aspects of pain, pain can also be sensed at 2 

2 This pathway is somewhat different. One or more subcortical level, e. g. at the thalamns. In cortical lesa 
short neurons may be interposed between the pain perception is the least affected tality as 
‘rst-order neuron and the neuron crossing to the it is perceived at the thalamic level to a large extent. 
opposite side and ascending in the lateral funiculus. 


| Of the other types of sensations, temperature 
2. Only 10-25% of the long ascending neurons end in sensation is affected to an intermediate degree in cortical 

the thalamus. lesion while fine touch and proprioception are mast 
c. The rest may end in: severely affected. 


¢ the reticular formation of the brainstem. 

¢ The tectal area of the midbrain deep to the 
superior and inferior colliculus. SYRINGOMYELIA 

¢ ‘The periaqueductal gray (PAG) (p. 509). 


i 1. In this disease, the area in front of the central canal 
~ From the brainstem, neurons may proceed to cen- 


in the spinal cord is affected by gliosis and cavity 
etahne ae eaieeen spent formation. This disrupts the anterior and lateral 
ers go to certain : ic tracts which cross in front ef the central 
us and also to areas of basal brain. Fibers also end ier anterior commissure). 
'n cingulate gyrus, mediofrontal, and insular cortex. ; es pain, temperature, and crude touch sensations are 
The di , inothalamic |: °° Pa ate 
eae connecHons of ie paleorp ae ain lost as the lateral spinothalamic tract carries pain and 
setae ne poorly localized type o P temperature sensation whereas anterior spinothalamic 
§ p.. y ul. ; ies sensation of crude touch. 
\ Pain . ; inal tract Calm 
ae = am — — ’ > ake However, fine touch persists as it passes via the 
*pinal nucleus of the ti saints Second-order ipsilateral dorsal soins oe cee — 
| ‘ . ition, therefore, is said ¢ ibi 
NeURONS arise fr : gen | nucleus and cross to Burdach. This condition srefore, is said ta exhibit 
! om the spinal nu dissociated sensory loss or “dissociated anesthesia 


‘he . : ial _ 
“oe side to end in the ventral posteromedia which is pathognomonic of this disease. 
“us of the thalamus. 
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Irritation in deeper structures, especially in the viscera, 
produces pain which is felt ina superficial somatic ares 
remote from the affected site, This is called referred pain, 


_ Referred pain js of great clinical importance because a 


good knowledge of the sites of referred pain provides 
the clinician or surgeon with important clues for 
diagnosing many diseases. 


. A typical example is pain from the diaphragm being 


referred to the neck or cardiac pain being referred to 
the inner aspect of left arm. 


B DERMATOMAL RULE 


1, 


Pain is not referred at random. It is referred to an area or 
dermatome which develops from the same embryonic 
segment as that of the affected viscera or organ. This is 
called dermatomal rule. 


. For example: 


a. We know that pain sensation arising from the 
diaphragm is referred to the neck. The diaphragm 
and the area of neck where the pain is referred, arise 
from the same embryonic segments and both are 
supplied by phrenic nerve (C,, C,, and C,). 

b. Similarly, pain sensation arising from the heart is 
referred to the inner aspect of left arm. Now, the 
heart and inner aspect of left arm both arise from 
the same embryonic segment. 

c. Also, pain in the ureter is referred to the testis and 
both ureter and testis have a common segmental 


ongin. 


i ROLE OF EXPERIENCE 


1. Areas with previous experience of trauma may some- 


times be the sites of referred pain. For example, pain 
due to operation in maxillary sinus may be referred to 
distant sites where dental operations were performed 
previously. 


. Similarly, the pain due to acute appendicitis, which is 


usually referred around the umbilicus, may be referred 
to the site of abdominal scar of a previously performed 
surgical operation. 


& THEORIES EXPLAINING REFERRED PAIN (FIG. 80.9) 


}. 


Convergence theory: 

a. According to this theory, afferent nerve fibers 
carrying pain sensation from the affected viscera as 
well as those coming from the referred site converge 
on a common second-order neuron. (As the total 
number of second order neurons is less than that of 
first-order neurons, this is only to be expected). 
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Fig. 80.9: Convergence and facilitation theories of referrog Dain 
> } 


(See text for explanation) 


b. Now, when stimulation of pain receptors in 4, 
viscera leads to transmission of impulses ty 1, 
cerebral cortex, it is interpreted by the brain i. 
coming from the referred “somatic” site which jg 
commonly involved in different painful stimu; 

c. The site of convergence is believed to be in lamin, 
I-VI of Rexed. However, afferent nerves from both 
sides converge at lamina VII and this explains 
how pain originating in viscera of one side may be 
referred to a site on the opposite side. 


2. Facilitation theory: According to this theory, impulses 


carrying pain sensations in the afferent neurons from 
the viscera have a subliminal fringe effect on the dorsal 
horn synapses of somatic afferent neurons carrying 
pain sensation from the referred site. As a result, pain 
stimulus of very low intensity in the somatic afferents 
will be potentiated by visceral pain and conveyed to the 
brain to evoke pain sensation. 

It is observed that anesthesia of the superficial 
somatic site reduces the intensity of referred pain. So, 
an afferent input from the peripheral somatic site must 
be active in causing referred pain. This supports the 
facilitation theory. 


DIFFERENT INSTANCES OF “ANALGESIA” 
(LOSS OF PAIN SENSATION) 


1. Stress analgesia: Stressful conditions may cause tempo- 
rary analgesia (absence of pain sensation). For example, 
a soldier may be severely wounded in a battle, but in 
presence of the excitement and stress, he may feel no 
pain at all during the period of stress. 

However, he feels severe pain as the “heat” or stress 
of battle is over. This type of painless condition during 
stress is known as stress analgesia. 

Several factors are believed to contribute to sites 
analgesia. These are: 

a. Itis mediated by endocannabinoids 2-arachidonyl 
glycerol and anandamide. These act via CB, and CB, 
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> /-INHIBITING MECHANISMS IN THE BODY 


. | theory: 
| Te oman theory. Simply stated, the large 
: diameter afferent fibers, e.g. AB touch fibers of the 
dorsal column give recurrent collaterals which end 
on pain afferents directly or through an inhibitory 
interneuron working like a gate. 
. Local rubbing at the site of pain activates touch 
: fibers which ascend through the dorsal hom lying 
close to the pain afferents. At the level of dorsal 
horn, recurrent collaterals from the large diameter 
touch fibers end on the pain afferents either 
directly or through an interneuron. This ultimately 
causes presynaptic inhibition of the pain afferent, 
decreasing pain transmission like a gate. As a result, 
no impulse can pass through the pain afferents, 
causing analgesia (the gate is closed). The outline 
of the original theory is as follows (Fig. 80.10): 


L fiber 





—~ = Stimulation a = Inhibition 


"S- 80.10, Gate-contro} theory of pain. L fiber closes the gate 
Vile 5 fiber 


tan, Deh by inhibiting SG neuron, opens the gate of pain 
~“"'8SION (see text), 
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spinothalamic | 


Fig. 80.11: Simplified diagram of endogenous pain- 


Y Syste 


According 'O this the 
“ferents ¢ 


diamete 


ory, the large diameter 

AITYINE toneh (J fiber} and the amall 

r afferents Og. Ab and © fibers carrying 

Pain (S fiber) both act Upon an inhibitory neuron of 

Stubstantia Relatinosa (SG neuron) 

Also, both of them stimulate the T cell which ts the 
Pain afferers lransimitted centrally from dorsal horn 

Now, ACliVity in the large diameter afferent 
(L. fiber) Stimulates SG neuron which, in turn, 
inhibits Stimulation of the ‘. cell by both L and 5 
fibers. This explains inhibition of pain when large 
diameter afferents Carrying touch sensation are 
Stimulated. In this case, the gate is closed. 

On the other hand, activity in the small diameter 
afferents inhibits SG neuron. 

So, the inhibiting effect of SG neuron on T-cell 
Stimulation by L and S fibers is removed. The gate 
is now open and activity in the small diameter pain 
fibers is transmitted centrally through T-cell. 

c. Electrical stimulation applied through electrodes in 
Close proximity of the painful site relieves pain by 
stimulating large diameter nerve fibers. The mecha- 
hism is same as described above. This is called TENS 
(transcutaneous electrical nerve stimulation). 

pain-inhibiting mechanism (Fig. 

80.11): . 

[Opioid peptides (see p. 560) play a major role in 
is mechanism. Opioid peptides are pain-relieving 

endogenous neuropeptides/neuromodulators having 

actions like the opioid drug morphine. The endogenous 
opioid peptides may act at specific receptors at PAG, in 
the midbrain, at the dorsal hom or in the periphery. } 


Medulla 





Raphe magnus nucieus 


Lateral! 


tract 


inhibiting 
mechanism (see text). 
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a There are some specific areas in the 

which are concerned with pain inhibition. PAG OF 

periaqueductal gray present in the midbrain is one 
such area playing an important role in endogenous 
pain inhibition. 

PAG. on stimulation by opioid peptides, sends 

impulses through des« ending encephalinergic 

fiber to Raphe magnus nucleus, another important 
nucteus in the descending pain inhibiting pathway. 

c. Raphe magnus nucleus situated in the medulla, 
in turn, gives off descending serotonergic fiber 
which probably ends on another encephalinergic 
interneuron. The exact mechanism is not known 
but the following hypothesis may be put forward. 

_ The encephalinergic interneuron is believed to 
terminate on the opioid receptors present on the 
presynaptic sites on the pain afferents of the dorsal 
horn and also on postsynaptic sites on the dendrites 
of spinothalamic tract neurons. The opioid peptide 
encephalin released from the encephalinergic 
interneuron, by acting on the presynaptic opioid 
receptors, inhibits release of glutamate and 
substance P, the neurotransmitters involved in 
impulse transmission through the pain-conducting 
lateral spinothalamic tract. 

e. Stimulation of the opioid receptor at the postsynaptic 

site leads to opening of K" channels with K” efflux, 

causing hyperpolarization of the postsynaptic 
neuron. 

Both these changes at the presynaptic and post- 
synaptic sites lead to a decrease in EPSP, resulting in 
inhibition of pain transmission. 


h. 


Pain-inhibiting mechanisms in acupuncture act through 
gate-contro! mechanism when acting locally while 
their remote effects probably involve endogenous pain- 
sahibiti “he el 


f. It is surprising that although the opioids are 
inhibitory neurotransmitters, they can stimulate 
descending pain-inhibiting pathways. The probable 
explanation is that the descending pain-inhibiting 
pathways are normally inhibited by neurons from 
medulla and midbrain. Opioids, by antagonizing 
this inhibition, actually stimulate the analgesia 
system. 

(For opioid peptides, see p. 758) 

_In addition to the above pathway, two other 
descending pathways (not shown in the diagram) 
play an important role in pain inhibiuion. The first 
pathway descends from PAG to rostral ventromedial 
medulla from where descending catecholaminergic 
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§ THALAMIC SYNDROME 


1. Iti a condition characterized by defective fi,,,, . 
thalamus mainly due to damage of the posterior in 
nuclei, caused by blockage of thalamogenicular: a 

2. The damaged thalamic nuclei are posteroyer),,. 
posterolateral. | he signs of this syndrome depend = 
the affected nuclei. 7 
When posteroventral nuclei are damaged, there ,. 

4. Loss of sensation in the opposite half of the b.,4. 

b. Loss of awareness of the opposite limbs ( thalarie 

phantom limb) due to interference with Prorie, 
ceptive input. 

c. Heightened pain sensations. 

3, When posterolateral nuclei are damaged: 

a. Cerebellar efferents are interrupted leading ts 
loss of muscle tone, muscle weakness, ataxia, ang 
intention tremor. 

_ Damage to neurons going to globus pallidus leads 

to features of choreoathetosis. 

c. There is flexion of wrist with hyperextension of 
fingers. This position of the hand is called “thalamic 
hand’ 


Bf SURGICAL PROCEDURES FOR RELIEF OF PAIN 


1. Anterolateral cordotomy: The lateral spinothalamic rac 
carrying pain sensation is surgically disrupted by an 
incision on the anterolateral aspect of the spinal cord. 

2. Posterior rhizotomy: In this operation, the dorsal root's 
transected, thereby interrupting all pain carrying fibers 
of the corresponding segment. 

3. Prefrontal lobotomy: Here, the prefrontal lode 's 
surgically disconnected from the rest of the brain. The 
patient feels the pain but the unpleasantness !s 2° 
longer felt (see p. 564). 


 HYPERALGESIA AND ALLODYNIA 


In zones of inflammation, various cytokines and growt? 
factors are released. These inflammatory mediate’ 
heighten or exaggerate pain sensations by facilitating pP& 
perception or transmission. In such inflammaton areas 
stimuli normally capable of producing only mild pain ca? 
produce severe pain. This is known as hyperalges'- 

On the other hand, pain sensation produced in Sus" 
inflammatory areas in response to previously innecuoy 
(painless) stimuli such as touch, is called allodynia 

It is believed that some pain fibers are at fs! “silent 


nD such 


neurons end on dorsal horn neurons. The other | or insensitive to painful stimulation. 





ae 
“once they are sensitized, they become go 
suit . is thi | | 

Rl erealter It is this activation o Addition, 
pan py inflammatory mediators th, 
\ S 


jodynia and hyperalgesia, P| 


NSitive 


pain 


gore sed to 
“gail al 
wand secondary Hyperalgesia 
pei | igesia can be of two types: 
a hyperalgesia: Here, the p 
~ pecome hypersensitive re lowering of pain threshold. 
“yemical products re eased by inflammation like 
_iapurn sensitize pain receptors and cau | 
hyperalgesia: Scie fies 
vondary hyperalgesia: Itis pain felt in the undam 
ne a surrounding the injured site. 
~ goth primary and secondary hyperalgesia appear 
.o be due to the activity of neuroactive chemical 
~ediators. Primary hyperalgesia is probably due to 
ye activity of bradykinin, histamine, prostaglandin, 
.erotonin, leukotrienes, etc. whereas substances 
> CGRP, glutamate, etc. are the likely mediators in 
secondary hyperalgesia. Slow, aching, and prolonged 
nature of these types of pain are due to the presence of 


-hemical agents lying in contact with the pain receptors 
for prolonged periods. 


tT 
\4 


yma an receptors have 


Se this type 


aged 


.-ysitization of pain occurs at two levels—peripheral and 
central. 
. Mechanism of sensitization of peripheral nociceptors 
is as follows: 

a. Tissue injury leads to accumulation of a mixture 
of chemical mediators like histamine (released 
from mast cells), acetylcholine, ATP and serotonin 
(released from damaged endothelium). This, in turn, 
leads to release of bradykinin and prostaglandin 
which are mainly responsible for pain sensitization 


= Cha | 
_— tits Pter 80; SON6ory System 


at the level of nociceptors. Prostaglandin is | 


synthesized from arachidonic acid by cycloxygenase 


' 
' 
' 


‘COX2) enzymes. That is why NSAIDs which inhilii 


prostaglandin synthesis, have a role in pain relie!. 

- Tissue injury releases nerve growth factor (NG!’}, 
mediated by inflammatory cytokines IL-1 and ‘I N} 
NGF binds to TrkA receptors and causes retrograde 
ransmission of pain-sensitising signals. Anti-‘\\«' 
antibody has been used successfully in animals 
relieve hyperalgesia. 

BDNE another neurotrophin, secreted centrally « 


the dorsal horn, causes sensitization of dorsal hora | 


Neurons. So, BDNF antagonists have a potential ole 


, _ OF pain relief 
2 Mest relief 
0 


a. 7 | . athuatpacol 

oP “tive noxious stimulation leads to activation 0 
DA receptors, which ultimately results inast al : 
°F Central Sensitization known as ‘wind-up. fils ! 


h ; anism of central sensitization at the level 01/0: sal | 
rn: 





a hich: 


yeu ’ 
ested hy MOU ay rensinig, excitability of 


ore a hu by A theehanionn elerilor ta ler 
pathways sl OM, Secene messenger mediated 
The helghte Rene Activation rmiay also play « rele 
progress. ni it sensation and may lead te 
Inius | OCHFONTE pain states 
leadingtone In particular, activates mierogiia 
| eeretion of inflammatory cytokines whieh 
SUU8e Increased transcription of cycloxygenase 
CNzymes and synthesis of prostaglandins. These 
Prostaglanding Increase neuronal excitability at the 
dorsal horn, thus mediating pain sensitization both 
at the peripheral and central level, 

Incidentally, microglia contain P2% receptor 
Inhibitors of these purinergic receptors appear to 
Bive relief in chronic pain. This further substantiates 
the role of microglia in the production of chronic 
pain, 

Other therapeutic options in chronic pain include 
administration of NMDA receptor antagonists, e.g. 
ketamine, amantadine, etc. 

[Dorsal horn sensitization is responsible for 
phantom limb pain which may appear to arise from 
the nonexistent amputated limb. So, operation under 
local anesthesia produced by injecting anesthetic 
drugs locally at the spine or site of amputation, 
has been shown to be more effective than general 
anesthesia in preventing post-operative phantom 
limb pain. | 


BITCH 


ltch sensation is characterized by a compulsive urge to 
scratch. It has the following features: 


a. Latest research has identified specific spots called 
itch spots which when stimulated, give rise to itch 
sensation, These itch spots are usually found in the 
close vicinity of superticially located, rapidly adapting, 
ind unmyelinated naked nerve endings. 

lich-specific pathways tormed by unmyelinated 

« fibers of small diameter have also been identified 

in spinothalamic tract. 

‘Gon is stimulated by chemical agents such as 


KIDDIES, eC, 


pert 


lich sens 
FhUST OUTER 
eral diseases such as chronic renal failure, liver dis 
rders, and ALDS, are often associated with intractable 
“chin 
eysation is relieved by scratching. The mechanism 
iy simmilarto ‘gate control’ mechanism of pain inhibition. 
Scratching stimulates large diameter sensory fibers, 
which through recurrent collaterals, inhibits Sensory 
tibers carrying itch sensation, Scratching protects the 
body trom small crawling insects which activate iteh 


sensation 
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B TICKLE 


a. Whereas itch sensation is irritating, thekle is 


b. Tickle sensation, like itch, may be initiated by moving 


pleasurable, 


touch sensations, 


Bf TEMPERATURE 


l. 


to 


There are two types of temperature receptors, Both are 
free nerve endings. The cold receptors are stimulated 
by temperature between 10° and 38°C whereas the 
heat receptors are stimulated by temperature between 
30°-45°C. 


_ The cold receptors are innervated by both Aé and © 


fibers whereas the heat receptors are innervated solely 
by C fibers. 


_ The nerve pathways of temperature are similar to pain 


afferents, being carried by lateral spinothalamic tract, 
and ending in postcentral gyrus. 


_ Good conductors of heat such as metallic objects stimu- 


late temperature receptors more effectively as they alter 
the local temperature of these subcutaneous receptors 
more quickly. That is why a cool metallic object feels 
colder than a piece of wood of same temperature. 


§ SPINOCEREBELLAR TRACTS (FIG. 80.12) 


1. The spinocerebellar tracts mainly carry unconscious 


proprioceptive sensations from joints, muscles, and 
skin to the cerebellum. 


2. These include the dorsal spinocerebellar tract and the 


ventral spinocerebellar tract which carry proprioceptive 
sensation from the inferior extremities and the lower 
part of the trunk. 


3. Two other tracts, the cuneocerebellar tract and the 


rostral spinocerebellar tract carry proprioceptive 
sensations from the upper extremities and the upper 
part of the trunk. 


4. The tracts: 


a. The dorsal spinocerebellar tract: Afferents from 
muscle spindle, joint receptors, Golgi tendon organs, 
etc. carrying proprioceptive input end in Clarke’s 
column, Clarke’s column is a nucleus located in 
lamina VII of the gray matter. Axons arising from 
this nucleus form the dorsal spinocerebellar 
tract. It passes ipsilaterally (on the same side) to 
the cerebellum through the inferior cerebellar 
peduncle. 

Some fibers of dorsal spinocerebellar tract 
carrying conscious proprioceptive sensation from 
ipsilateral lower limb end in nucleus Z, a group of 
neurons situated between upper end of nucleus 
gracilis and inferior vestibular nucleus. 


spinocerebellar 
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Fig. 80.12: Spinocerebellar tracts. 


Fibers arising from nucleus Z join internal arcuae 
fibers and run along medial lemniscus to reach she 
thalamus on the way to cerebral cortex. 


. The ventral spinocerebellar tract: Here also, the afer 


ents carry sensation from peripheral proprioceptive 
receptors but mainly they transmit feedback tom 
motor input to the anterior hom. The neurons mos- 
ly cross to the opposite side and move up tirougs 
the medulla and pons to reach the micorain, 

Ultimately, these fibers enter 5 °°n sides o 
the cerebellum through the super «> ceredenz 
peduncle. 


. Cuneocerebellar tract: In this tract, af<="- 08 c@! 


proprioceptive input from the uppe:-  “emity<ne 
in the lateral cuneate nucleus. From = -*2, seurons 
pass through the inferior cerebe!!2: incle and 
terminate in the cerebellum. 


. Rostral spinocerebellar tract: \t is 0: ed in ine 


same way as the ventral spinocere}« ract 

The main difference is that the © ! 
ebellar tract carries information ° 1e upper 
portions of the unk and upperexs) Aes 
the ventral spinocerebellar tract car rmaner 
from the lower trunk and lower ext: 

Also, its fibers enter the cere? throw 
the inferior cerebellar peduncle u ne Venne 
spinocerebellar tract which ent repeutt 
through the superior cerebellar pew 


Motor System 








pvERViEW OF MOTOR SYSTEM 


se motor system consists of: 

_ Motor areas in the cortex. 
> Descending motor tracts, which are conveniently 
divided into a medial system and a lateral system. The 
jateral system includes the lateral corticospinal tract 
andrubrospinal tract, which are concerned with control 
of fine movements carried out by distal limb muscles. 
The medial system includes the anterior corticospinal 
ract, the reticulospinal, vestibulospinal, and tectospinal 
tacts. They control the axial and proximal limb muscles 
and function bilaterally. They are concerned with 


Supplementary 
motor area 


Primary 
motor cortex 





__-— Posterior 


Premotor parietal cortex 


cortex 


Fig. 81.1: Motor areas of the cortex. 


known as the corticospinal tract or pyramidal tract 


regulation of posture. arise. 
3. The basal ganglia and the cerebellum: The basal gan- 2. ‘These four areas are: 
glia may be considered as a higher center of the motor a. ‘The primary motor cortex 


system as it receives afferents from areas in the motor The premotor area 


cortex and sends efferents back also to cortical motor 
areas, thus apparently exerting a regulating influence 
on the motor system. Indeed, they are believed to par- 
icipate in planning and programming of movements. 
The cerebellum is another important struciure 
carrying out special motor functions. Besides being 
involved in planning and programming of movements, 
itplays an important role in coordination of movemen's. 
time-related motor functions, and motor leaning 


4. The anterior horn cells in the spinal cord as wel) as 


the cranial nerve lower motor neurons are [/« final 

‘ommon pathway”, carrying out commarics !ror “i 

ferentlevels, which may be segmental, supraseyien' 
, OF Cortical. 


Ucorricat motor AREAS (FIG. 81.1) 


i ee 
there are four different areas in the cerebes (> 


~ 1 Which the descending motor fibers ©1100" 


b, 

c. The supplementary motor area 
d. The parietal cortex. 
a. 


The primary motor cortex: 
¢ his is present in the precentral gyrus situated 
immediately in front of the central sulcus, 
occupying Brodmann’s area 4. 
¢ Here, the areas supplying the head and face lie 
laterally, low down near the Sylvian fissure. The 
areas for Che hand and arm occupy the middle 
vortion of the precentral gyrus. The areas 
supplying the trunk and back remain at the top 
while the areas supplying the legs lie on the 
nedial side of the hemisphere. 
his distribution or map ofmotor representation 
pread over the precentral gyrus is called motor 
homunealus 
¢ Like the sensory homunculus, the motor 
‘ouunuculus is also distorted. The body parts 
will more skttltul functions require greater 
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number of neurons and occupy larger areas in 
the motor cortex, 

Thus, the thumbs and fingers responsible for 
skilled hand movements and also the larynx, 
used for the highly skilled speech function, 
occupy much larger areas in the primary motor 
COTTeEX, 

(Obviously, the number of motor neurons 
required tor fine and skilled movements is 
larger.) 


Although primary motor cortex is directly responsible for 
individual muscle contraction via the pyramidal tract, 
movement pattern on activation of the individual cortical 
neurons is purposeless and often incomplete. 

Higher motor areas, i.e. the supplementary motor 
area, premotor area, posterior parietal cortex along with 
perhaps the cerebellum, are responsible for forming 
motor programs, which activate many different muscle 
groups in an orderly sequence and thus execute a 
particular well-coordinated complex movement. 


b. The premotor area: 


+ 


This area lies just in front of the primary motor 
cortex. This area, too, shows some degree 
of somatotopic organization with the areas 
supplying the hand and face lying laterally and 
the areas supplying the trunk and legs lying 
medially. 

It sends fibers to the brainstem areas concerned 
with postural adjustment. Its probable function 
is to fix the background posture during the 
execution of a planned movement. 


c. The supplementary motor area: 


® 


This is the area lying on or above the upper bank 
of the cingulate sulcus and extending laterally up 
to the premotor area. 

It is mostly connected to the primary motor 
cortex. It is believed to program the sequence of 
motor activities. 

Lesion of this area results in difficulty in carrying 
out complex activities and also hampers tasks 
performed by both hands. 


d. The parietal cortex: 


¢ 


Parietal cortex, though mainly sensory in 
function, also has an important role to play in 
motor function. 

Apart from supplying as much as 40% of all fibers 
in the pyramidal tract, it also has connections 
with premotor area. 

Lesions of this area appear to disrupt motor 
activities, which require simultaneous sensory 


J 


input, such as, hand-eye coordination, re: 
out for particular objects, ete. 

Connections of motor cortex: 

Different areas of motor cortex with separate sOmaty 

topic maps are richly interconnected with each other 

‘This suggests that function-wise hierarchical] Pattern ie 

not followed. On the contrary, functions are distributed 

in parallel between the higher areas of motor COrtey 

‘The efferents from the motor cortex include: | 

1. Direct pathway to the spinal cord via the corti 
cospinal tract. 

2. Indirect pathways to the spinal cord via differen; 
nuclei, e.g., red nucleus, nuclei in reticular 
formation, etc., with spinal tracts arising from them, 

3. Those that form part of reciprocal Connections 
with cerebellum and basal ganglia. The cerebellum 
receives a large corticopontocerebellar tract arising 
from the motor cortex. Efferents from cerebellum 
return to the motor cortex via ventral anterior anq 
ventral lateral nucleus of the thalamus. 

The basal ganglia receive efferents from the motor 
cortex ending directly on the striatum. Efferents 
from the thalamic nuclei of the basal ganglia return 
back to the same cortical areas. 


Ching 


@ PYRAMIDAL TRACT 

It consists of the corticospinal tract and the corticonuclear 
tract. 

Nomenclature 

1. Itis called pyramidal tract not because it arises trom the 
pyramidal cells of the cerebral cortex. (On!\ !% of cells 
of the pyramidal tract arise from the gian »\ramidal 
cells or Betz cells). 

2. Its name is derived from the “pyramids’ elevated 
structures formed by the pyramidal tract in nedulla, 
on its way to the spinal cord. 

Origin 

1. As mentioned, only 3% fibers of the py: hal tract 
arise from giant pyramidal cells of Betz » tin the 
layer 5 of motor cortex. These fibers are |“ bout Lo 
um in diameter, and have a high velocity luction. 

However, most of the fibers (about 90% } smallet 
diameter. | 

2. Large diameter fibers carry out phasic fu 5, while 
smaller fibers carry out tonic functions. | 

3. About 30% of fibers come from primary COTLEN 


- *~f . ‘ - ‘ ‘ } ’ 
40% of fibers from parietal cortex, while | naining 


30% come from the premotor area. 
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Anterior corticospinal 
tract ending bilaterally 


Fig. 81.2: The pyramidal tract. 


-ourse (Fig. 81.2) 


The motor fibers, after arising from the cerebral cortex, _ 
descend to the internal capsule in a wide and fan- 


shaped projection called the corona radiata. 


Ihe fibers take origin from the precentral gyrus with 
those representing the head lying laterally and thos: 


‘epresenting the legs lying medially. 
~ As the fibers descend to the internal capsule, a 90 


he 


Uf th 


‘umm occurs in their orientation and in the intern. 


“apsule, they occupy the anterior two-thirds o! ° 
Posterior limb with the fibers from the head ree. 
“OW remaining anteriorly and those from the leg rec 
emaining posteriorly. 

‘he internal capsule is V-shaped and lies be. 
‘he thalamus and caudate nucleus medially a: 
“ntiform nucleus laterally (p. 527, Fig. 83.1). The | 

hap the head region (corticonuclear fibers) 6. 0\ 
Me b€nu, the bend of the V. The rest of the fiber: 
“'sposed in the anterior two-thirds of the poster 

€ internal capsule. 


=m the internal capsule, the descending file 
if “nterior part of the midbrain—the middle 
_ of crus cerebri, Here, the fibers from thie |: 


fe b 1 
“100 are located medially and those from ()~ | 


: Motor Systerny 


‘re located latera 
Orlentation Of the fibers 
- From the midbrain, ¢ 
Pons, the fibers are 


lly, indicating another 90° turn in the 


he fibers enter the pons. In the 

divided into small bundles as they 

descend between the pontine nuclei. As the fibers 
further descend inty the medulla, they reunite and form 
the elevated Portions known as “pyramids” in the upper 
Part of the medulla. 

- Soon thereafter, most of the fibers (80%) cross over to 
the opposite side and are continued in the spinal cord 
as the lateral corticospinal tract. 


- Most of the remaining uncrossed fibers descend as the 
anterior corticospinal tract. 


They, however, May Cross to the opposite side at the 
level of termination. 


Some uncrossed fibers descend with the lateral corti- 
Cospinal tract. 


Termination 


1. The lateral corticospinal tract ends mainly in the lateral 
part of the anterior hom either directly on the anterior 
horn cells or on interneurons connected to the anterior 
horn cells. 
This correlates with their function of controlling the 
fine movements of distal limb muscles. 

. The anterior corticospinal tract ends in the medial part 
of the anterior horn and they terminate bilaterally. They 
mostly innervate the proximal limb and axial muscles 

of the body needed for posture and equilibrium. 

| 3. The fibers coming from the parietal cortex end mainly 

on the interneurons connected to the posterior horn. 


their function presumably is to maintain sensorimotor 
coordination. 


to 


arc 
IU IS 


© fibers arise from the cerebral cortex in the same 
> the corticospinal fibers. 
-upy the genu in the internal capsule. They 
‘ec in the motor nuclei of the contralateral cranial! 
rn the brainstem. That is why they are called 
onuclear fibers. 
e cases, they have bilateral supply. For example, 
‘vation to the muscles of mastication and the 
part of the face are bilateral. 


ramidal Tracts 


i ney are responsible for all voluntary muscular activity. 


jateral corticospinal tracts help in performing the 
ind complex movements of the distal limb. 
[he anterior corticospinal tracts help in the maintenance 
of posture and equilibrium through their action onthe 
axial muscles ot the body, 


meee 
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4, They modulate segmental stretch reflexes. 
5. Corticonuclear tracts are responsible for the motor 
haunction of face, jaw, larynx, pharynx, ete. 


B EXTRAPYRAMIDAL TRACTS 


\. The vestibulospinal tract: Where are two vestibulospinal 
tracts—lateral and medial. 
a. The lateral vestibulospinal tract: 
¢ It arises from the lateral vestibular nucleus 
(also known as Deiters nucleus) and descends 
ipsilaterally in the anterior funiculus to end 
on the interneurons in the medial part of the 
anterior horn. 

¢ The lateral vestibular nucleus has afferent 
connections from the semicircular canals as well 
as otolith organs, and the vestibulospinal tract 
maintains posture and equilibrium in response 
to both linear and angular acceleration of the 
head. 

¢ It also controls the extensor tone of the proximal 
limb muscles. 

b. The medial vestibulospinal tract arises from the 
inferior and medial vestibular nuclei, extends 
bilaterally up to mid-thoracic level and responds 
to angular acceleration of the head, its afferents 
being limited to semicircular canals only. It controls 
motor neurons of neck region. 

2. The reticulospinal tracts: 

a. These are also two in number—the medial one 
descending from the pons and the lateral one 
descending from the medulla. 

b. Theyend mainly on the medial group ofinterneurons 
of the anterior horn. 

c. The medial reticulospinal tract maintains the 
extensor tone of proximal limb muscles, but the 
lateral reticulospinal tract is mainly inhibitory in 
function. 

d. They regulate posture and muscle tone by influencing 
activity of y motor neurons, 

3. Tectospinal tract: 

a. It arises from the superior colliculus and imme- 
diately crosses over to the opposite side, then 
descends in the anterior funiculus and ends on the 
medial group of interneurons in the upper cervical 
segments of the spinal cord. 

b. It helps in moving the head in response to various 
stimuli—auditory, visual, or somatic. 


4. The rubrospinal tracts: These tracts arise from red 


nucleus in the midbrain, They immediately cross to the 
opposite side and descend in the lateral funiculus lying 
anterior to the corticospinal tract. 


Like the lateral corticospinal tract, the rUbrospinas 
tract stimulates o. and y motor neurons via INE TNeUrE, 

The red nucleus receives afferents from cerep,. 
cortex, the cerebellum and also globus pallidus, 

However, the rubrospinal tract has doubtful vali. i 
man although they may be useful in lower mamma), 
like the cat. . 


bral 


Apart from the division of descending tracts int, 
pyramidal and extrapyramidal groups, another importany 
and perhaps more scientific classification divides the 
descending tracts into a lateral system and a media) 


system. 
The lateral system includes the lateral corticospinal 


tract and the rubrospinal tract, whereas the media) 
system comprises the remaining motor tracts. 


Ml LOWER MOTOR NEURON 


The motor neuron arising from the anterior horn in the 
spinal cord or the motor neuron arising from cranial nerve 
nucleus is called lower motor neuron, because it is located 
caudally in the motor path. 

Indeed, all motor impulses reaching a particular 
muscle must come through the lower motor neuron 
supplying the muscle. That is why it is also called the final 


common pathway. 


i UPPER MOTOR NEURON 


The motor neuron ending on the anterior horn cell in the 
spinal cord or on the cranial nerve nucleus should be called 
upper motor neuron. 

The upper motor neuron may belong to corticospinal 
or corticonuclear tract (pyramidal tract) or it may belong 
to extrapyramidal pathways (e.g., reticulospinal or 
vestibulospinal tracts, etc.). 


LOWER MOTOR NEURON LESION 


Features of Upper Motor Neuron Lesion (UMN: 


: UPPER MOTOR NEURON LESION VERSUS 


1. There is spastic paralysis but gross mover | may be 
present. 
2. Toneis increased. Spasticity and clasp knife) may 
be present. 
3. Deep reflexes are exaggerated. Clonus m. resent 
4, Superficial reflexes are absent. 
may De 


5. There is no wasting but some disuse ali 
present. 


6. Reaction of degeneration—absent. 


—_ 





ag of Lower Motor Neuron Lesion (LMNL) 
atl 
weal sig “laccid paralysis 


Of all Muscles ¢ 
thet les Supplied by the 


7 . ‘ completely lost, 

| ates both superficial and deep, are 
sate may be fasciculation (visible 
| gbers) or fibrillation (contrac 
“yascle fiber detected only by EMG), 
“ap ig notable wasting of the muscle supplied 
ntact of the muscle may be present, 
» oation of degeneration—present, 


lost. 


‘ 
ih 


4 


ausele 


Contraction of 
tion Of individual 


jhere 


g jONUS 
_aesence of an upper motor neuron lesion, Sustained 
“give stretch may produce a rhythmic and repetitive 
_araction and relaxation of the muscle occurring 
\vemately. This is called clonus. A simple explanation of 
; ‘nits exemplified by ankle clonus is as follows, 
"During a sudden passive dorsiflexion of the ankle, the 
_yscles causing plantar flexion (e.g,, gastrocnemius) are 
etched. This causes reflex contraction of these plantar 
s.ors due to stretch reflex and plantar flexion results. But, 
.isextends the plantar extensors resulting in dorsiflexion. 
<a there is alternate dorsiflexion and plantar flexion, which 
-gnstitutes a clonus. 

Other explanations put forward are “stretch reflex- 
verse stretch reflex” theory as well as a mechanism 
ovolving Renshaw cells. 


Note: It should be noted that if the upper motor neuron 
esion is a pure pyramidal tract lesion, i.e. itinvolves exclu- 
avely corticospinal tract fibers, the patient presents with 
~potonia and distal limb weakness. (This is because the 
pramidal tract exerts a tonic excitatory stimulus on Li's.) 

However, most commonly, the upper motor newror 
«ion is extensive, involving both pyramidal -% 
“rapyramidal tracts. This results in spastic para’ *': 
~ong with the features of hyperactive reflexes, incress: 
Suscle tone, clasp-knife spasticity, etc. 


the applied importance of the features of U'\.. 
INL is that they help in the clinical detection 0! !'): 
: ‘esion in neurological patients, e.g. in a CVA (c" 
‘scular accident), 

‘xamples: 


oP araplegic patient (both lower limbs paraly/ 
‘ower motor neuron lesion in the lower liv: 

_ 10n in the lower lumbar area. 

LA WUadriplegic patient (all 4 limbs paraly7'” 
MNL type of paralysis in both legs and LMN) 
ns has the lesion probably at Cg-T| level, 


| 


| 


oe Cha 
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A} 
emi + a | 
Paral Dleglc patien (both limbs of the same side 


(LMN 
L) has the lesion at the level of the affected cranial 
Nerve ite letig 


1, A |e 
slo 
N at the level of internal capsule presents with 


contra; 
oi a hemiplegia. Associated cranial nerve 
oN alysis is Upper motor neuron type and it is present 
nthe same side of limb paralysis 


5. In , 
lesion at the motor cortex, the motor deficit is less 
Widespread or focal in type. 


oe occurs when blood supply to 2 part 
emir n is abruptly impaired by the process of 

MDOsis, embolism, or hemorrhage. This is a frequent 
cause of paralysis. 

Cerebral thrombosis usually occurs in a vessel 
narrowed by atheromatous plaque accompanied by an 
overlying thrombus. 

| Embolism is caused by a thrombus dislodged from a 
distant site, e.g. atria with fibrillation. (In atrial fibrillation, 
the atrial muscles contract like a bag of worms in a totally 
uncoordinated way resulting in circulatory stasis and this 
favors thrombus formation.) 

Cerebral hemorrhage is frequently caused by rupture 
ofan aneurysm. Apart from a central area grossly affected 
by insufficient blood flow, the peripheral affected part is 
damaged by accumulation of the excitotoxin glutamate, 
which cannot be taken up by astrocytes from the brain 
interstitium due to insufficient blood flow. 


& COMPLETE TRANSECTION OF THE SPINAL CORD 


1. Complete transection of the cord occurs sometimes 
after bullet injuries or automobile accidents. 
2. The signs and symptoms following complete transection 
may be divided into three phases: 
Stage of spinal shock: 
) this stage, all activity in the spinal cord is depressed— 
s total loss of muscle tone with complete 
oaralysis of muscles. 
ss of all reflexes. 
‘omplete sensory loss. 

» 40 mmHg due to loss of sympathetic 
iserictor tone as the descending efferents 
iC are interrupted. 

s common due to— 
inished bleod supply to the skin due to 
nmSton 

y loss In the skin. 

nmobility due to muscle inactivity. 
| spinal shock lasts 2-3 minutes in frogs, 


w fours in cats and dogs and as long as 2-3 


ia 


——— - i am 


Weeks in man, Thus, it depends on the degree of 
“encephalization’ of the nervous system, 


. Causes of spinal shock are: 


¢ Absence of continuous excitatory stimulation of 
spinal neurons by descending pathways 

¢ Activation of inhibitory interneurons. Normally, 
these are themselves inhibited by descending 
pathways. Spinal transection removes this 
inhibition, resulting in uninhibited action of 
these inhibitory interneurons, which, in turn, 
result in spinal shock. 


. Recovery from spinal shock is aided by two factors. 


One is denervation hypersensitivity (p. 46). The 
other probable factor is that sprouting collaterals 
descending from the upper severed neurons make 
excitatory contacts with lower neurons. 


With the progress of evolution, the higher animals are 
more and more controlled by higher centers in the 
cerebral cortex. This is called “encephalization”. The 
activities of higher animals are heavily dependent on 
cerebral cortex. So, the loss of cortical control, as occurs 
in spinal shock, has prolonged effect on the more 


“encephalized” animals as in man. 
B. Stage of reflex activity: 


1. 


After the stage of spinal shock is over, stage of reflex 
activity sets in and the reflexes along with muscle 
tone, hitherto absent, begin to reappear. 


. The first reflex to recover following spinal shock is 


withdrawal (flexor) reflex, which is characterized 
by (relatively weak) contraction of flexors and 
adduction in response to painful stimuli. 


. The smooth muscles of the blood vessels also regain 


tone and the BP begins to rise and ultimately normal 
pressure is restored. 


. The skeletal muscle tone also rises. The flexor tone 


appears first resulting in “paraplegia in flexion’ 


. The deep reflexes also reappear. The tendon jerks 


are at first weak but subsequently they become 
brisk. Mass reflex is another important reflex to 
appear by this time. 


Mass reflex: 


i 


When the inner side of the thigh is pinched in a 
patient with complete transection of the cord in the 
stage of reflex activity, there is extensive irradiation 
of the nerve impulse in the absence of cortical 
suppression. 


_ This reflex results in— 


a. Exaggerated flexion of the limb. 
b. Reflex contraction of the abdominal muscles. 
c. Evacuation of the bladder and rectum. 
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d, Autonomic activities such a8 sweating ang Bp 
changes. 
‘This is known as mags reflex. 
©. Stage of reflex failure: 
If the patient is not treated with due care, infection. 
supervene often resulting in toxemia. In consequence 
the thresholds of all reflexes are slowly elevated 
Ultimately, the reflexes disappear and the patient qj. 
This is called the stage of reflex failure. 7 


Common complications of complete transection of 
spinal cord include bedsores (vide supra), excess calciym 
in blood and urine resulting in renal stones (this is due ty 
excess mobilization of calcium from bone matrix, Which 
is part of a generalized protein breakdown), and urinary 
tract infection (caused by the dual effect of a paralyzeq 
bladder and calcium stones). 


oo BROWN-SEQUARD SYNDROME OR 
HEMISECTION OF THE SPINAL CORD (FIGS. 81.3A AND B) 


In hemisection of the spinal cord: 

A. Features above the level of lesion: A band of hyperes- 
thesia involving the upper dermatome is present on 
both sides. 

B. Features at the level of the lesion: 

a. On the same side of lesion, there is lower motor 
neuron type of motor loss and complete sensory loss. 

b. On the opposite half, pain and temperature 
sensation along with crude touch may be lost. 

C. Features below the level of the lesion: 

@ On the same side of the lesion: 
¢ There is upper motor neuron type ©’ deficit 
characterized by spastic paralysis, ex. .gerated 


deep reflexes and other features = upper 
motor neuron lesion due to disrup . | [ateral 
corticospinal tract. 

¢ Atthe same time, there is loss of fine n, joint 
sense, vibration sense, and tactile | vation 
of the same side due to damage to) cis ol 
Goll and Burdach, which ascend | erally. 
Fibers carrying sensation of pain, ‘ ature, 
and crude touch of ipsilateral side | ver {0 
the opposite side and escape dama:; . these 


sensations are preserved. 
# On the opposite side of lesion: | 
¢ Motor deficit is slight due to dav ot the 


. ® ‘ a . } ‘ . 
anterior corticospinal tract fibers ov side ol 
the lesion, which partly cross nea: vel of 
termination. 

as the 


¢ However, the sensory loss is rema! 


anterior and lateral spinothalamic | of the 
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Figs. 81.3A and B: Hemisection of the spinal cord (Brown-Sequar 


opposite side of lesion cross over to the side of 
lesion and are interrupted leading to the loss 
of crude touch, pain and temperature on the 
opposite side. 

Fine touch is preserved on the opposite side, as 
the tracts of Goll and Burdach ascend ipsilaterally 
and are unaffected. 


Tetanus Toxin 


Unlike botulinum toxin, which produces a flaccid paraly- 
sis, tetanus toxin produces spastic paralysis of muscles. 
Also, the sites of action of the two toxins are different. 
Whereas in botulism, the site of action of botulinum toxin 
is the terminal ends of neurons innervating neuromus- 
cular junction, tetanus toxin acts proximally on the CNS 
inhibitory interneurons. 

Tetanus toxin is absorbed from peripheral nerve 
endings close to the site of injury. Then it is transported 
along the axons by retrograde transport until it reaches 
the proximal synapse with an inhibitory interneuron. 

Here, it is taken up by the inhibitory interneuron 
via endocytosis. There, it cleaves synaptobrevin and 
inhibits release of GABA and glycine (both inhibitory 
heurotransmitters) from the interneurons. As a result, 
in absence of inhibition, activity of distal motor neurons 
is greatly enhanced. This leads to muscle spasm and 
convulsions even at the slightest stimulus. 





ETABES DORSALIS 


|. This syndrome is a feature of untreated syphilis 
appearing in the tertiary phase (a late manifestation | 
appearing 10-20 years after contracting the disease). 

¢. Here, the main pathology is destruction of the dorsal 
‘Oot ganglion leading to degeneration of the dorsal 




















d syndrome). (A) Sensory tracts; (B) Motor tracts. 


columns of spinal cord. That is why it is called tabes | 
dorsalis (tabes = weakness). 


3. The main features are: 


a. Initially, pain sensation m 
subsequently there is loss of 
to anesthesia. 


. Damage to the dorsal columns leads to loss of fine 
touch, tactile localization, tactile discrimination, 
vibration sense, and position sense. 

- Loss of muscle tone as a result of absent stretch 
reflex (afferent path damaged) 

d. Loss of deep reflexes, 

e. Loss of equilibrium due to defective joint and 
position sense causing “stamping” gait and positive 
Romberg’s sign (see below). | 

f. There may be painless, swollen, and hyperextensible gj 
joints called “Charcot's joints” al 

g- Atonic bladder (p. 351) with overflow incanti Hence 
occurs in these patients due to damage in affer 

path of micturition reflex. oe: 


CS 
- bont - 


“a 


ay be increased but 
pain sensation leading 


This sign is positive when the patient, on keeping th z 
closed (on withdrawal of visual compensation), c 
stand erect but sways from side to side. 4 
this occurs due to defective joint and position sense 
vestibular lesions or cerebellar disorders. In cerebella : 
disorder, this sign is positive even with eves open. 


“ 


‘ 
i 


Here, the patient lifts his legs high up and then brings 
them down with more than necessary force, just like the 
stamping on letters in post office. OO 

This occurs essentially due to defect in joint and 
position sense. 


oY 
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B INTRODUCTION 


l. 


IJ 


the cerebellum is a vitally important part of the motor 
system of the brain and responsible for coordination of 
movements and motor learning. It is located dorsal to 
the brainstem. 


. lt is connected to the brainstem by three pairs of 


cerebellar peduncles. These are the superior cerebellar 
peduncles (brachium conjunctivum), the middle 
cerebellar peduncles (brachium pontis), and the 
inferior cerebellar peduncles (restiform body). 

These peduncles connect the cerebellum to the 
brainstem on both sides. 


. The cerebellum consists of the vermis and cerebellar 


hemispheres. The vermis is situated in the midline. Its 
name is derived from its worm-like shape. Laterally, 
the vermis is connected to the bulky cerebellar hemi- 


spheres. 


. The surface of cerebellar hemispheres is extensively 


folded. Thus, although the mass of cerebellum is only 
1, 10th of that of the cerebral cortex, its surface area is 
about 3/4th of that of the cortex. 


Bf ANATOMICAL DIVISIONS OF THE CEREBELLUM 


}. 


i) 


The cerebellum has two principal fissures—the primary 
fissure and the posterolateral fissure. These two fissures 
divide the cerebellum into three lobes—(1) the anterior 
lobe, (2) the posterior lobe, and (3) the flocculonodular 
lobe. 


. The primary fissure lies between the anterior lobe and 


the posterior lobe. The posterolateral fissure separates 
the posterior lobe from the flocculonodular lobe. 


. The anterior lobe contains the lingula, central lobule, 


and culmen in the vermis. The last two parts are 
connected laterally to the alae and quadrangular lobule 
in the cerebellar hemisphere. 


4. 


5. 


2. Vestibulocerebellum is formed mainly by « 





Cerebellum 


: eR 


The posterior lobe contains the declive, foliur vermis, 
tuber vermis, pyramis, and uvula in the vermis. They 
are connected laterally to lobulus simplex, Superior 
and inferior semilunar lobules, gracile lobule, biventra) 
lobule, and the tonsil in the cerebellar hemisphere. 
The flocculonodular lobe contains the nodule in the 
vermis. It is connected laterally to the flocculi. 


Bf] PHYLOGENETIC DIVISIONS OF THE CEREBELLUM 
P. 


The cerebellum may be phylogenetically divided into 
the archicerebellum, the paleocerebellum, and the 
neocerebellum in order of evolutionary sequence. 


. The archicerebellum consists of the lingula and the 


flocculonodular lobe. Phylogenetically, they are the 
most primitive parts of the cerebellum. They are mainly 
concerned in maintaining equilibrium. 


. Paleocerebellum consists of the entire anterior lobe 


except the lingula. The pyramis and uvula of the 
posterior lobe are included in the paleoceret):{!um. The 
paleocerebellum is mainly concerned with ©) \intaining 
the tone and posture of the body. 


. The neocerebellum is phylogenetically the » \st recent 
part of the cerebellum. 

It consists of the posterior lobe excepting | | pyramis 

and uvula. Through its connections wit!) « highly 


developed neocortex, neocerebellum coo: cles the 


skilled movements of the body. 


Bf FUNCTIONAL DIVISIONS OF THECEREBELLU! =”. 82.1) 
l. 


stibulo- 
-obellum 


The cerebellum is divided functionally i 
cerebellum, spinocerebellum, and cerebi: 


or neocerebellum. 
‘occulo- 


rar . lies (O 
nodular lobe and it is connected, as its nai) plies. | 
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Fig. 82.1: Functional divisions of the cerebellum. 


a evestibular nuclei in the medulla. Its main functions 
aid related to maintenance of equilibrium of the body 





trol. 
and postur al con Fig. 82.2: Mediolateral subdivisions of cerebellum. 
. the spinocerebellum has the following features: 
,, Itconsists of: Connections: 


i. The whole of the vermis excepting the nodule 
i The adjacent portion of the cerebellar hemi- Zone A is connected to fastigial nucleus and the vestibular 


sphere. nuclei, except the lateral vestibular nucleus. 

5 Itreceives proprioceptive information from the | Zone B is connected to the lateral vestibular nucleus. 
peripheral parts of the body through dorsal and | Zones C, and C, are connected to the emboliform nucleus. 
ventral spinocerebellar as well as cuneocerebellar | Zone C, is connected to the globose nucleus. 
and rostral spinocerebellar tracts. Zone D is connected to the dentate nucleus. 

. The vermis sends efferents to the brainstem area 
controlling the trunk and proximal limb muscles, | ~ AFF ERENT CONNECTIONS OF CEREBELLUM 
whereas the adjoining cerebellar hemisphere sends 
efferents to the brainstem area controlling the distal 
limb muscles. 

_The cerebrocerebellum or neocerebellum is the mos 
recently developed part of the cerebellum. It is 
“lensively connected to the motor cortex and it takes 

_ partin planning and programming of movements. | 

The cerebellum can also be divided on the basis vf | 
*urkinje cell connections. | 

In this, the cerebellum has been divided iii 
'4rasagittal strips in a mediolateral direction and these 


ma 


1. The vestibulocerebellum receives connections mainly 
frorn inferior vestibular nucleus either directly or via a 
second-order neuron. They give collaterals to fastigial 
nucleus. these connections are concerned with posture 
and gait. 

2. The afferent connections of spinocerebellum include 
the four important tracts, i.e. dorsal and ventral spino- 
cerebellar tacts from lower limbs and cuneocerebellar 
and vostral spinocerebellar tracts from upper limbs. 

| These tracts have been discussed in detail in p. 512. 

are designated as zones A, B, C, and D (Fig. 82.2). | ‘he afferent EER ECHOn to spinocerebellum form 

Zone A is a longitudinal strip constituted '5 the | two son atotopic maps in SpInOcereneMuny, ‘The vermis 
| receives afferents from the head and trunk, while the 


YErmis j - 44: 
“us just lateral to the midline. | 
si limbs are represented laterally. In the two maps, the 


/¢ ; . oo od , 
__ é Bis a thin longitudinal strip situated in) (ic | | ses ae . 
“Nerolateral part of the vermis containing pa! ts of iwo head areas are present on two sides of the primary 
“Bula, central lobule. culmen, and declive , | fissure, adjacent to each other, so that the two maps are 
, , , 


se 


Zone C ig constituted by the paravermal cerebellum | oriented in an inverted manner (Fig. 82.3), 
“Nd it jg subdivided ne eae oO and | fhe lower somatotopic map again has two parts, 
Zone yy “2r | which are bilaterally symmetrical with the back areas 


Dis constituted by the lateral part of cerebellum 


Ohcleés ne. iouching each other in the midline, 
NSISts of zones D, and D.. : 


‘Nd jr © 
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el -erebellar nuciel interspersed in the white matte thes, 
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| are the fastigial, the globose, the emboliform, sida 
dentate nuclei. The globose and emboliform nucte; ,,. 
conjointly know? as interpositus nucleus 
The mossy and the climbing fibers, which form »_ 
afferent input inthe cerebellum, send collaterais 1, the 
deep nuclei. | 
3 The vestibulocerebellum is connected with 1, 
vestibular nuclei through fastigial nucleus. fy als, 
has, in addition, direct connections to the Vestibule, 
nuclei (bypassing the fastigial nucleus). In fact. +, 
vestibular nuclei are grouped together with the de. 
nuclei of cerebellum and they may be perceive 7 
“displaced” cerebellar nuclei. The vestibulocerebej,,- 
is concerned with postural adjustments in response 1, 
gravity. | 
4. The medial part of the spinocerebellum in the verm;. 
sends efferents to the fastigial nucleus. The fastigz) 


rh 
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Fig. 82.3: Somatotopic maps in spinocerebellum (see text). sucleus sends efferents to lateral vestibular nucieu: 
and pontine reticular formation in the brainstem 

3. The afferent connections of cerebrocerebellum come From these, descending lateral vestibulospina] an¢ 
from the cerebral cortex via the pontine nuclei. This veticulospinal tracts (the m eaidicienncnons shee 
corticopontocerebellar tract gives collaterals to dentate arise and control the trunk and proximal limb muscles 


_ The hemispheric portion of the spinoceredellum 
sends efferents to the globose and the emboliform 


I CEREBELLAR NUCLEI AND THEIR EFFERENT clei, These project to the contralateral red nucleus 


nucleus and ends in cerebellar cortex. 


OI 


CONNECTIONS (FLOWCHART 82.1) via the superior cerebellar peduncle. This par: 9: 
spinocerebellum exerts control over ipsilateral disz2) 


limb muscles via the descending rubrospinal tract 
(In this connection, it may be noted that trunk and 

proximal limb muscles are supplied by medial system 

motor tracts, e.g. vestibulospinal and renculospina. 


The connections of the deep nuclei are highly complex and 
overlapping. Here is a simplified description of only the 
principal connections of the deep nuclei: 
1. The cerebellum has an outer cortical layer, deep to 
which lies the cerebellar white matter. There are 4 deep 


Flowchart 82.1: Efferent connections of deep nuclei of cerebellum. 
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wy jatel eal citi) COSpinal and eae Stritcttre called the glomerulus 
sprosp! i WDitory fil ' 
abrost sbellum sends Y Ners from Golgi cells ales end in the 
* opebrocerebe ‘ S efferents 
ihe cerebro h projects to th to the dentate Blomeruli, 
* aycleus, which pro) © ventral lateral Nucleus * ‘The cell bodies of granule cells are present in 


‘ as thalamus of the opposite side and from the 
“fralateral cerebral cortex. The cerebrocereh ne 
* ntrols the movements of ipsilateral distal limb 
" scles Via corticospinal tracts descending from 
Oe ala teral cerebral cortex. 
as part of cerebellum is also concerned with 
,janning and programming of movements. It also 
 pulat es timing of movements, which js €ssential for 
-oordination. 

itmay be noted here that cerebellar efferent pathways 
cupply contralateral red nucleus and motor cortex, 
which again control contralateral limb muscles. So, 
ultimately, the cerebellar motor control of limb muscles 
is ipsilateral in nature. 


re to 


j cEREBELLAR NEURONS AND CIRCUITRY (FIG. 82.4) 


|. The cerebellar cortex contains five different types of 
cells—the Purkinje cell, the granule cell, the basket cell, 
the stellate cell, and the Golgi cell. 

2. These cells are arranged in three different layers. From 
inside outwards, these are: (a) the inner granular layer, 
(b) the Purkinje cell layer, and (c) the external molecular 
layer. 

a. The granular layer: 
¢ The granule cell along with Golgi cell is situated 
in the granular layer. The granule cell receives 
input from the mossy fibers. The mossy fibers end 
on the dendrites of the granule cells in a complex 
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the Branular layer, while their axons ascend to 
the molecular layer and divide in the form of 
aT” The branches of the “T” run in a straight 
line for long distances. These are called parallel 
ibers, 

These Parallel fibers make contact with the 
Purkinje cell dendritic tree, which is very 
flattened and stands perpendicular to the parallet 
fibers. One parallel fiber makes connections with 
numerous Purkinje cells. 

Golgi cells (the other type of neuron of the 
granular layer) receive input from collaterals of 
mossy fibers and Purkinje cells. Their dendrites 
reach the molecular layer, where they receive 
input from the parallel fibers. Their axons 
project to the dendrites of the granule cells in the 
glomeruli and are inhibitory in function. 


The Purkinje cell layer: 


+ 





The Purkinje cell present in the Purkinje cell layer 
is one of the largest neurons of the body. It has an 
extensive and flattened dendritic network, which 
extends up to the molecular layer. 

A single climbing fiber coming from the inferior 
Olivary nucleus makes numerous intertwining 
synaptic connections with the dendrites of only 
one Purkinje cell. 

It is now apparent that each Purkinje cell has 
two different excitatory inputs—one from mossy 
fiber via granule cell and parallel fibers and one 
from climbing fibe: 
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@ The efferent fibers from the Purkinje cell form the 
only efferent output from the cerebellar cortex 
and it is inhibitory in nature, ending in the deep 
nuclei of the cerebellum, Output from deep 
nuclei is, however, always excitatory. 

c The molecular layer. 

@ The basket cells and the stellate cells are found 
in the molecular layer in between the parallel 
fibers. They are inhibitory cells. 

¢ Basket cells receive afferent connections from the 
parallel fibers and their efferents end on Purkinje 
cells forming a basket-shaped ending around the 
cell body and axon hillock of Purkinje cell. 

¢ Stellate cells are also inhibitory to Purkinje cell 
but they are smaller. 

3. Thus, to summarize the cerebellar circuitry: 

a. The climbing fibers and the mossy fibers are the two 
afferent inputs to the cerebellar cortex. 

b. One single climbing fiber arising from the inferior 
olivary nucleus and bringing proprioceptive input 
from peripheral areas of the body makes synaptic 
connections with the dendrites of only a single 
Purkinje cell, thus exerting a strong excitatory effect 
on it. 

c. Incontrast, the mossy fibers, in addition to receiving 
proprioceptive input from the whole body, also 
receive information from the motor cortex through 
the corticopontocerebellar tract. They exert a 
weaker effect on many Purkinje cells through the 
granule cells and the parallel fibers. 

d. The basket cell and stellate cell are excited by the 
granule cell through parallel fibers and they exert 
inhibitory effect on Purkinje cell, known as feed 
forward inhibition (see p. 489). 

e. Golgi cells receive excitatory input from three 
sources, e.g. mossy fibers, Purkinje cell, and parallel 
fibers. They inhibit mossy fiber input to granule cells 
in the glomeruli. 

f. It should be noted that all cells in the cerebellar 
cortex are inhibitory in nature secreting GABA, 
the lone exception being the granule cell, which is 
excitatory and secretes glutamate. 

4. The internal circuitry of cerebellum presents some 
interesting points: 

a. The stellate and basket cells of the molecular layer 
inhibit Purkinje cells by feed forward inhibition. The 
function of these two types of cells is probably to 
“focus” neural inputs to the “target” Purkinje cells 
by inhibiting the off-target Purkinje cells. 

b. The dual innervation of Purkinje cells by climbing 
fibers and mossy fibers (the latter innervating 
Purkinje cells through parallel fibers) is a matter 
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of great interest. Interesting theories hay, 
proposed to correlate this important featur, : 

‘ith 
cerebellar function, 
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Other Cells in the Cerebellum 





Apart from the above five types of neurons jp, the. 
cerebellar cortex, three other types of neurons are 
present. These are: 

a. Unipolar brush cells 

b. Lugaro cells 

c, Candelabrum cells. 


Unipolar brush cells are present in granular |aye, 


é 


They are excitatory cells, having a single dendrite with 
a brush-like end. They are excited by mossy fiber, 
and inhibited by Golgi cells, whereas they themsely., 
stimulate both granule and Golgi cells. They are Supposed 
to provide a feedforward input to parallel fibers. 

Candelabrum cells are GABAergic inhibitory cejj, 
present in Purkinje cell layer. Both their dendrites ang 
axons end in the molecular layer. 

Lugaro cells are located near the junction between 
Purkinje cell layer and granular layer. 

These cells receive input from Purkinje cell through 
elongated dendrites and feed back to Purkinje cells either 
directly (negative feedback) or by inhibiting stellate and 
basket cells, which are themselves inhibitory to Purkinje 
cells (positive feedback). 


alse, 


c. It is known that a single climbing fiber makes 
intertwining synaptic connections with only 
one Purkinje cell, producing a large excitatory 
postsynaptic potential (EPSP) with a ow frequency 
of only 1 Hz. In contrast, the mossy ‘ibers exert 


their influence indirectly on many | \irkinje cells 
producing small EPSPs with a hig! ‘equency of 


50-100 Hz. (Each Purkinje cell rece 
200,000 parallel fibers). 

d. The two types of inputs to the Purkin 
The climbing fiber input, which m 
peripheral sensory information pa! 
signals, is believed to modulate ( 
input (which is responsible for gene 


input from 


ell interact. 
y contains 
arly error 
LOSSY fiber 
o outgoing 


cortical motor signals). This enables) ce rebellum 
to perform its correcting function. and molt 
learning (see below). 

e. The ascending fibers of dentatol nocortical 
tract give off collaterals to the pary vilular cells 
of red nucleus, which, in turn, pices [0 the 


yetlo-rubro- 
/ may have 


inferior olive. This constitutes a ce 
olivo-cerebellar feedback loop, w!: 


important implications on cerebella: |: Action. 
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jus 
sapren t fibers: 

- Cerebellovestibular tract 

- Cerebelloreticular tract 

| Cerebelloolivary tract. 


= Through middle cerebellar peduncle: 


afferent fibers: 
1. Corticopontocerebellar tract. 


] 
’ 
By) 
3 


Efferent fibers: Nil. 

~ Through superior cerebellar peduncle: 
Afferent fibers: 
|, Anterior spinocerebellar tract 


_ Tectocerebellar tract 
_ Rubrocerebellar fibers. 


d= GS to 


nucleus. 


Efferent fibers: 
1. Cerebello-thalamo-cortical tract 
2. Cerebello-rubro-thalamo-cortical tract 


3. Cerebelloreticular, cerebello-olivary, and cerebel- 
lonuclear fibers. 


EFUNCTION 


» Cerebellum coordinates movements and also takes part 
‘motor learning. 
According to one view, the parallel fiber input to 
P urkinje cells (producing simple spikes) is responsible 
‘or outgoing motor signals, 
When there is mismatch between intended (ask and 
- performed, the error signals stimulate the clinibiig 
bers via the inferior olive. 
The Complex spikes formed by climbing fiber 
Produce long-term depression of parallel fiber synapse 


Changi | 
hanging the synaptic strength and nature ) iol 
sponse, 
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 goe8 on und the movement is 
MOtOr program ia then fled. This is the 
recting” function of cerebellum and it ts 
Asis of rhotor learning, 

| CCOrding to a similar theory, mossy fiber as well as 
Climbing fiber Stimulates the deep cerebellar nuclei 
(by Kiving a Collateral to these nuclei). This elicits 
: descending excitatory output from these nuclei. 
lhe Activity in this excitatory loop is modulated by 
descending inhibitory input from Purkinje cells, 
Which, as mentioned above, appears to be the result of 
changes in Purkinje cell-parallel fiber synaptic strength 


ee to the error signals conveyed by climbing 
ers, 


. The cerebellum by its effects on initiation, termination 


and timing of movements, accurately regulates the rate, 


range, force, and direction of movements and helps 
i Coordinating all types of movements. That is why, 
in cerebellar disease, signs of incoordination such as 
ataxia and dysdiadochokinesia are commonly seen. 


- The cerebellum is essential for motor learning. Thus, it 


makes possible accurate movements after initial trial 


and error, during which the motor learning process 
takes place. 


. The flocculonodular lobe of cerebellum, through its 


Connections with the vestibular nuclei, is concerned with 
posture and equilibrium of the body. The cerebellum 
controls stance and gait, i.e. it maintains both standing 
and walking posture. The vestibulocerebellum makes 
predictive calculations about movement patterns at 
high speed especially with angular acceleration and 
this has a critical role in maintaining posture and 
equilibrium during rapid movement. 


. The cerebrocerebellum: 


a. Plans sequence of movements. 
b. Calculates and predicts the timing of movements. 


. Cerebellum has some effect on muscle tone. In humans, 


cerebellectomy is associated with hypotonia. However, 
in lower animals, removal of cerebellum is associated 
with increased muscle tone. 


» SIGNS OF CEREBELLAR LESION (TABLE 82.1) 


in cerebellar disease, there is no sign or symptom of 
maltunction when the patientis at rest. Butthey appear 
when the patient begins a movement. 

in cerebellar lesions, there is no motor weakness, nor 
is there any sensory deficit. 

‘The clinical manifestations are due to discrepancies 
in the rate, range, force, and direction of movements 
and the resulting incoordination in movements is 
KNOW as alaxia 
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Drunken gait 


Slurred, scanning speech 
Dysmetria (past-pointing) 
Intention tremor 

Rebound phenomenon 
Dysdiadochokinesia 
Decomposition of movement 


Nystagmus 


_ The incoordination of movements is reflected in the 


gait. The patient, while moving, sways from side to side 
like a drunken person. 


. Similarly, the speech is also affected, being slurred and 


explosive (scanning speech) asa result of incoordination 
of the involved muscles. 


. Dysmetria is another characteristic sign of cerebellar 


lesion manifested by the patient's inability to assess the 
depth or the distance of objects. 

When the patient tries to touch a point on an object, 
he either undershoots or overshoots the target. This is 
also known as past-pointing. 


. Intention tremor: 


a. This is a type of tremor characteristic of cerebellar 
lesion, being absent at rest (unlike Parkinson's 
disease) and present during movement. The tremor 
intensifies on approaching the target. 


bh. Actually, itis an extension of past-pointing, The fin 
er overshoots and then in an attempt to COrrecy 
overshoots in the opposite direction, These alternay 
ing movements in opposite direction Constitute th, 
tremor. 


7 Rebound phenomenon: 
a. It is an exaggerated movement of the limb wher 


resistance against a particular movement is suq. 
denly removed. It is due to absence of the coor. 
nated “braking” effect of the antagonist muscle. 

b. For example, this may Occur, if the patient tries t, 
flex his forearm against a resistance. In patients with 
cerebellar lesion, when the resistance is suddenly 
taken off, the forearm moves back in an exaggerateq 
manner and may hit his own body. 

c. This is because the antagonist muscles fail to brake 
the movement as a result of incoordination. 

8. Dysdiadochokinesia: This is failure to perform alternar. 
ing movements involving antagonist muscle groups 
in quick succession. Again, failure of coordination ig 
the cause. For example, rapidly alternating pronation 
and supination of the forearm cannot be performed in 
cerebellar lesion. 

9. Decomposition of movements: In cerebellar lesion, when 
a movement involves more than one joint, the patient 
performs the movements at one joint at a time, i.e. he 
decomposes the movements into steps. This is also due 
to failure of coordination. 

10. Nystagmus: In cerebellar lesion, jerky and oscillating 
movements called nystagmus appear in the eyeball due 
to incoordination of the ocular muscles. 
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Basal Ganglia 





g anaTOMY (FIG. 83.1) 


ae term “basal ganglia” is a misnomer. This 
_e ganglion is a cluster of nerve cells in th 
Se system, whereas basal ganglia cont 
serve cells inside the brain. So, they are so 
sppropriately called “basal nuclei” 
|. The basal ganglia consist of several im 
situated subcortically. These are: 
2. The caudate nucleus 


b. The putamen—the caudate nucleus an 


is because a 
€ peripheral 
ain cluster of 
metimes more 


portant nuclei 


d putamen 
together form the striatum. 
c. The globus pallidus, which is divided into external 
and internal segment. 


d. The subthalamic nucleus 
e. The substantia nigra. 

-. Ihe putamen and globus pallidus put together are also 
known as lenticular nucleus. 

3. The substantia nigra m 


, . 
; 


ay be divided into two parts— 
a) the pars compacta and (b) the pars reticulata. 


Head of 
Caudate nucleus 


’ Putamen 
Globus pallidus 


Internal capsule 


oa Tail of caudate nucieus 


Fig. 83.1: Anatomical Parts of the basal ganglia. 
B CONNECTIONS (Fig. 83.2) 





Thalamus 


1. The striatum has three afferent connections: 


a. Nerve fibers converge on the striatum from al! 

parts of the cerebral cortex via the corticostriate 

projection. Their endings contain the excitatory 
neurotransmitter glutamate. 

- Dopaminergic neurons arising from the pars 

compacta of the substantia nigra (nigrostriatal 

tract) also end in the striatum. These neurons 


arising from pars compacta secrete dopamine 
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Which is excitatory to D, receptors sand inhibitory 
to D, receptors. They y appear to stimulate the direct 
pathway via LD) receptors and inhibit the indirect 
pathway via D. rec eptors (see below), Both result in 
the stimulation of cerebral cortex. 


c. Besides these, the striatum also receives afferent 


fibers from the centromedian nucleus of the 
thalamus. 


. The striatum has the following efferent connections: 


a. Nerve fibers from the striatum secreting the 
neurotransmitter GABA end on both internal and 
external segments of globus pallidus. 

b. Other nerve fibers from the striatum secreting 
GABA end on the pars reticulata of the substantia 


nigra. 


. The external segment of globus pallidus, which receives 


GABAergic inhibitory fibers from the striatum, sends 
in turn GABAergic inhibitory fibers to the subthalamic 
nucleus. 


. The subthalamic nucleus sends excitatory glutamate- 


secreting fibers to: 
a. The internal segment of globus pallidus. 
b. Also to the external segment of the globus pallidus. 


. It should be noted here that while the striatum exerts 


an inhibitory effect on the internal segment of globus 
pallidus through a direct pathway, it also exerts an 
opposite stimulating effect on the internal segment 
of globus pallidus through an indirect pathway. This 
indirect pathway passes through the external segment 
of globus pallidus and the subthalamic nucleus and 
finally comes back to the internal segment of globus 
pallidus. 


. In the latter indirect pathway, the external segment 


of globus pallidus inhibits the subthalamic nucleus. 
The striatum, which inhibits the external segment, is, 
therefore, excitatory to the subthalamic nucleus and 
it ultimately excites the internal segment of globus 
pallidus because the subthalamic nucleus is excitatory 
to the internal segment of globus pallidus. 


. The internal segment of globus pallidus sends inhibitory 


efferent fibers through the thalamic fasciculus to the 
ventral lateral, ventral anterior, and the centromedian 
nucleus of the thalamus. The pars reticulata of 
substantia nigra also projects inhibitory fibers to the 
thalamus. The thalamic nuclei, in turn, send excitatory 
fibers to the prefrontal and premotor cortex. 

So, when the internal segment of globus pallidus 
is inhibited, its inhibitory influence on thalamic nuclei 
is withdrawn and excitatory impulses are sent to the 
cerebral cortex by thalamic nuclei. Opposite effect 
occurs when internal segment of globus pallidus is 
stimulated. 
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. Basal ganglia are also involved in maint 


. Prefrontal circuit is concerned with cogni! “ton 
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‘Thus, one can see that nerve fibers project from yp, 
cortex to the striatum — the striatum projects t,, the 
internal segment of the globus pallidus —» the int. _— 
segment projects to the thalamus ~ the thalamus ¢e nde 
fibers back to the cortex. | 

Thus a motor loop is formed, which starts as we). 
ends in the cortex. 


_ Although connections of basal ganglia are mainly 


confined between basal ganglia and parts of Corer 
cortex, basal ganglia are also connected to brains: tern 
and spinal cord via pontopeduncular nuclei. 


_ Recent studies indicate that the cerebral cortey _, 


basal ganglia > thalamocortical loops consis; ,; 
several structurally and functionally independer, 
parallel nerve pathways in the form of skeletomotyr 
(controlling skeletal muscles), oculomotor (contro); 

eye movements), prefrontal (connected to prefrontz! 
lobe), and limbic circuits (connected to limbic areas) 


11. The striatum is made up of striosomes and matrix 


Striosomes contain dense cluster of cells and rece 
input from limbic system. On the other hand, matrixhas 
a looser cell population and it is connected to cerebrz! 
cortex. 


i FUNCTIONS 


The connections of the basal ganglia distinctly show 
the presence of a motor loop starting from the cortex 
then passing through the basal ganglia and e 
back in the cortex. This suggests that the basa! vane noli. 
are higher motor centers, which control cortica! motor 
function. 

In addition to this, experiments have sown that 
the neurons in basal ganglia discharge jus: 5 
the actual movements. This is also seen in © -urons in 
the lateral part of cerebellar hemispheres © ™ Ms 
one can conclude that the function of bas. 
intimately related to the planning and pro= 
movements. So, basal ganglia are essent 
movements. 


B 5 


. The caudate nucleus is concerned w}! sniuve 


control of movements. Damage to the cau ucleus 
results in impairment of this function. 


tone, automatic associated movements, « jJefect 
in these are produced in diseases of bas. 


whereas oculomotor circuit controls sa aves 
ments. 

The limbic circuit of basal ganglia plays rtant 
role in emotional expression and motiy: cent 
with Parkinson's disease (a disorder o! | guid 
show paucity of emotional expression. 
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“ | scl (4) Parkinson's 

ase, (b) Huntington's chorea, (c) hemiballismus 
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dd athetosis, etc. 


INSON’S DISEASE (TABLE 83,1) 
f? 


nen there is degeneration of the do 

, wre 

." qostriatal tract connecting the substant 
vriatull Parkinson's disease, also cal] 
sills 


Paminergic 


ia nigra with 


ed paralysis 
agitans, results. 


iis manifested by both hypokinetic and hyperkinetic 
an Thus, akinesia and bradykinesia COexist with 
agidity and tremor. 

; eriology: , . 

~ , Parkinson's disease is more common in elder] 
: patients. With age, there js Sradual loss of 
dopaminergic neurons. In Parkinson’s disease, this 
process is exaggerated. 

Parkinson's disease is also found in 
phenothiazine drugs (which are 
medication. 

Parkinson's disease can be produced in subjects 
by administering the compound MPTP to them, 
MPTP is converted to MPP* by the enzyme MAO-B. 
The dopaminergic neurons in substantia nigra 
selectively take up this highly toxic MPP: and 


are destroyed, resulting in artificially produced 
Parkinson's disease. 


=” 


patients taking 
D,-blockers) as 


C2 


Table 83.1: Parkinson's disease. 





*  Cinical features: 

* Hypokinetic: 
y Akinesia and bradykinesia 
r Loss of automatic associated movements 
7 Stony expressionless face 
~ Festinant gait 

* Hyperkinetic: 
> Cogwheel rigidity 
r Lead pipe rigidity 


, Tremor—8/sec, pill-rolling type, present at res! 


disappears on movement (cf: intention tremor o' 
cerebellum) 


Treatment: 

° Anticholinergics 
* “DOPA 

* Depreny| 


* Br °Mocriptine 


: Implantation of adrenal medulla or fetal basal ganglia 


, Tit 
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a! Ganglia 
(MPTp I-methyl-4-phenyl- |,2,5,6-tetrahydro 
Pyridine; Mppt . |-methyl-4-phenylpyridinium: 
MAO.-# = 


monoamine oxidage- B). 


4. Clinical features: 


J. 


4. As already mentioned, both hypo- and hyperkinetic 


features coexist. 
b. Hypokinetic features: 


* Hypokinetic features include akinesia and 
bradykinesia. 


¢ There js difficulty in initiating movement and 
Paucity of motor function. 

The patients walk with short, shuffling steps as if 
following the center of gravity. This is known as 
‘festinant gait’ 

In addition, there js marked loss of automatic 
associated movements. Thus, the automatic 
Swinging of arms, as one walks, is no longer 
present. 

Face is bereft of emotional movements and the 


patient is stony, expressionless, and inappropri- 
ately calm. 


c. Hyperkinetic features: 


¢ ‘The hyperkinetic features include rigidity and 
tremor. 

¢ ‘The rigidity involves both flexor and extensor 
group of muscles (unlike in spasticity, where only 
one group of muscles shows increased tone). 

¢ ‘The rigidity may be of two types—lead pipe and 
cogwheel. 

¢ In lead pipe rigidity, the rigid limbs, on bending, 
show uniform resistance resembling that of a 
lead pipe and hence the name. 

¢ In other cases, there is a series of catches found 
during passive bending of the rigid limb. This is 
called cogwheel rigidity. 

¢ The ttemor in Parkinson's disease, which has a 
pill-rolling character, is present at rest and disap- 
pears with movement (contrast with cerebellar 
tremor). It has a frequency of 8/sec. 

freatment of Parkinson's disease: 

a, Anticholinergic group of drugs may be useful. There 
is a delicate balance between the dopaminergic 
system and the cholinergic system of an individual. 
ln Parkinson's disease, the dopaminergic system is 
weak, So, the cholinergic system takes the upper 
hand and produces the symptoms. Anticholinergic 
drugs seem to set the balance right. 

. L-DOPA can cross the blood-brain barrier and 
then eis CON erted into dopamine and corrects 
ihe dopamine deticiency. (Dopamine itself, 
unable to cross the blood-brain barrier, is 
help.) 


being 
of no 


5 2 eo . 


(L-DOPA is usually administered with Carbidopa, 
which is a DOPA decarboxylase inhibitor, DOPA 
decarboxylase breaks down L DOPA to dopamine, 
which acts on dopamine receptors in the brain, 
However, dopamine receptors in peripheral parts of 
the body are also stimulated resulting in untoward 
symptoms like nausea, vomiting, ete. So, Carbidopa 
is administered simultaneously. Carbidopa, a DOPA 
decarboxylase inhibitor, prevents breakdown of 
L-DOPA to dopamine and the unwanted peripheral 
effects of dopamine do not occur. However, 
Carbidopa cannot cross the blood-brain barrier. 
So, in the brain, breakdown of L-dopa to dopamine 
is unaffected and dopamine continues to exert its 
anti-Parkinsonian effects.) 

c. L-Deprenyl, a monoamine oxidase inhibitor, is 
useful in the treatment of Parkinson’s disease as it 
prolongs the effects of dopamine by preventing its 
breakdown. So, it is a useful adjunct to L-DOPA in 
the treatment of Parkinson’s disease. 

d. Bromocriptine and other dopamine agonists, 
capable of crossing the blood-brain barrier, are 
useful in the treatment of Parkinson’s disease. 

e. Implants of adrenal medulla or fetal basal ganglia 
in the vicinity of ventricular surface of the caudate 
nucleus have been found to be useful probably by 
replenishing deficient dopamine. However, these 
implantation procedures are still in an experimental 
stage. 


§ HUNTINGTON'S CHOREA 


1. Apart from the dopaminergic neurons, the basal 
ganglia have intrastriatal cholinergic and internuclear 
GABAergic connections. 

Degeneration of these cholinergic and GABAergic 
neurons leads to Huntington’s chorea. 

2. Features of Huntington's chorea include: 

a. Chorea is manifested by rapid and involuntary 
dancing movements. (In contrast, athetosis is char- 
acterized by slow, sinuous, writhing movements.) 

b. Slurred speech progressing beyond comprehension. 

c. Gradually worsening dementia followed by death. 

The hyperkinetic features are due to lesion of 
the GABAergic pathway from the striatum to the 
external segment of globus pallidus. 


i WILSON’S DISEASE 


This is an autosomal recessive disorder characterized by a 
deranged copper metabolism. Failure of biliary excretion 
of copper leads to accumulation of copper in the liver. 
Ceruloplasmin, the copper-carrying plasma protein, is 
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eatabolized leading to low serum ceruloplasmin ang ber 
copper levels initially, However, free copper leve rise 
subsequently leading to deposition of copper at other 
places like basal ganglia and other parts of the brain 

The cardinal manifestations of Wilson's disease in, lide 
disturbances in muscle tone (dystonia), incoordinatign and 
tremor often resembling the clinical picture of Parkinson. 
disease. Adoption of abnormal posture with unusuya| limb 
positions is an important sign of this disease, 

Bladder and bowel dysfunction and orthostay), 
hypotension resulting from autonomic nerve involverneny 
along with psychiatric abnormalities are often presen: 

Kayser-Fleischer ring caused by copper deposits in th. 
peripheral part of cornea can be seen on examination bya 
slit lamp and it confirms the diagnosis. : 


§ HEMIBALLISMUS 


This is characterized by sudden, flailing, and violent 
involuntary movements. This is caused by damage to the 
subthalamic nucleus. 


Hypokinetic and hyperkinetic features in diseases of 
basal ganglia (explanation): 

1. In the direct pathway, the striatum inhibits the 
internal segment of globus pallidus, which again has 
inhibitory effect on the thalamic nuclei. Thus, in the 
direct pathway, the striatum actually “disinhibits” or 
stimulates the thalamic nuclei leading to an excitatory 
thalamic output to the motor areas of the cerebral 
cortex. 

2. But in the indirect pathway, the striatum inhibits the 
external segment of globus pallidus, which again 
inhibits subthalamic nucleus. Thus, in effect, the 
striatum “disinhibits” or stimulates subthalamic 
nucleus. The subthalamic nucleus now excites the 
internal segment of globus pallidus, which, however, 
inhibits the thalamic nuclei. So, activation of the 
indirect pathway actually inhibits the thalam'c nuclei 


leading to reduction in the thalamic excitato') output 
to the cerebral cortex. 

3. Dopamine secreted by the nigrostriata. «thway 
stimulates the direct pathway via D, rec. or and 
inhibits the indirect pathway via D, rece). Both 
these effects lead to marked stimulation « (tatory 
thalamic output to the cortex. But, in ! Nos 
disease, where there is degeneration of co. nergic 
nigrostriatal neurons with loss of dopau. rere Is 
inhibition of the direct pathway and stimu of the 
indirect pathway. As a result, the thalam ‘(atory 
output to the cortex is significantly reduce’ ove). 

This explains the hypokinetic features o sons 


disease, 
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B INTRODUCTION 


1. 


Muscle tone is a state of partial contraction of the muscle 
due to asynchronous discharge of the motor neurons. 


_ It is clinically determined by assessing the resistance 


offered to passive movements of joints that stretch the 
muscle concerned. 

For example, the tone of biceps muscle is assessed 
by noting the resistance while passively extending the 
elbow joint, which stretches the biceps. 


. Muscle spindles play a pivotal role in maintaining 


muscle tone by their regulating effect on a-motor 
neuron discharge rate through stretch reflex. 


. Muscle tone is regulated or influenced at two levels: 


a. Segmental level 
b. Supraspinal level. 


Segmental Control 


Segmental control is exerted in two ways: (a) through 
stretch reflex, (b) through y-discharge. 
a. Whenever the muscle is stretched, either by gravity or 


manually, the intrafusal fibers in the muscle spindle are 
stretched. This stretch is transmitted to the central part 
of nuclear bag and chain fibers, leading to stimulation 
of annulospiral endings innervated by la afferents. 
Nuclear bag fibers sense the rate of change of stretch 
(phasic response), whereas the nuclear chain fibers 
are stimulated throughout the duration of stretch 
(tonic response). The la afferents form monosynaptic 
connections with a-motor neurons, which supply 
extrafusal fibers and cause muscle contraction. Thus, 
stretch produces reflex muscle contraction leading to 
increased muscle tone. 


. Muscle tone can also be increased by augmenting 


v-efferent discharge. y-efferents innervate the 


Muscle Tone 


i Ore eeu 


peripheral contractile portions of intrafusal fibers 
When y-efferent discharge increases, these periphera| 
parts of intrafusal fibers contract, thereby stretching the 
central portion of nuclear bag and also nuclear chain 
fibers. As a result, la afferents innervating the intrafusa] 
fibers by annulospiral endings are stimulated and 
impulses are carried by monosynaptic connection to 
o.-motor neurons, which cause contraction of extrafusal 


fibers. 
Thus, muscle tone is increased. 


Supraspinal Influences 


Although muscle tone is primarily dependent on 
stretch reflex as elucidated above, there are a number 
of supraspinal influences that modulate muscle tone as 
described below: 

a. The pontine and medullary reticular formation gives 
rise to descending pontine reticulospinal tract, which 
is mainly facilitatory (increases muscle one) and 
descending medullary reticulospinal tract which is 


arc of stretch reflex at the segmental level. 


inhibitory (decreases muscle tone). These © ‘ects are 
exerted via the y-efferents. 

b. The vestibulospinal tract arising from the ~subular 
nuclei is excitatory but unlike the reticulosp © =: tracts, 
its effects are not mediated via y-efferents stead, il 
directly stimulates the a-motor neurons terior 
horn and the increased tone produced by © = called 
a.-rigidity (see later). 

. The mainimportantfunction ofmuscletone —elp in 
maintaining posture and equilibrium. This nieved 
by maintaining required degrees of mus. one In 
different groups of muscle, e.g. flexor an. censol 
groups of various regions in the body. 

. Muscle tone is influenced by the integrity © ~ retlex 
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ryt. aors exert definite influences on Muscle tone. 

nel inte experiments have been performed to show 

yee Most of the experiments show increa 

On The different types of rigidity include: 

i erobrate rigidity—Sherringtonian and ischemic 

spcortica te rigidity 

gad pipe T igidity 

~cwheel rigidity—(c) and (d) are found in Parkinson's 

sisease- 

apcerebellate rigidity—found in animals. In humans, 

-erebellectomy is associated with hypotonia. 

» True rigidity is hypertonia in both extensor and 
‘jexor group of muscles and is found in lead pipe 
and cogwheel rigidity of Parkinsonism. 

« Spasticity is hypertonia when only one group of 
muscles is involved. 


sed tone 


eerebrate Rigidity (of the Sherringtonian Type) 


_ When an intercollicular section (between superior and 
nferior colliculus) is made near the upper border of the 


pons, the animal shows this particular type of rigidity 
manifested by: 


a. Extension in all 4 limbs 


0. Opisthotonos (arching of the back) 
c. Tailis extended. 


- -.man, this type of rigidity is rarely seen as this type of | 


“sion is usually incompatible with life. 
“echanism (Fig. 84,1) 


Ihe descending supraspinal influences 01 sirorc 
‘ellexes include those from pontine facilitatory and 


medullary inhibitory areas of reticular forma’: 


_ “lance each other. 
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ic the periphery, while the inhibitor, 50. 
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Fig. 84.1: Decerebrate rigidity in midcollicular transection. 


So, the inhibitory area of reticular formation loses its 
inhibitory function. 


As a result, the net supraspinal effect now changes 
to facilitation and rigidity ensues. 


Decerebrate Rigidity (ischemic) 


1. In this experiment, both carotid arteries are tied 
while the basilar artery is tied at the junction of pons 
and medulla whereby an area of ischemia is created. 
producing a neurological lesion. 

In this procedure, the anterior lobe of cerebellum is 
damaged. Normally, the anterior lobe of cerebellum 


inhibits vestibular nucleus. As this cerebellar inhibition 
is withdrawn in the ischemic decerebrate preparation, 
the vestit tract, arising from the released 
vestibular : discharges at an increased rate 
nd d ‘s (le @-motor neurons leading 
tO Tigic 
2. The D igtdity found in the ischemic 
locere} 


> distinct from Sherringtonian 
, midcollicular section) in the 


ui rigidity is mediated through 
ns, rigidity in ischemic 

ted Dy G&-mMoter neuron. 
uly disappears on deatterenta- 
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Rigidity of ischemic decerebration Is not affected 
by deafferentation, 

¢. Sherringtonian rigidity disappears on administra: 
tion of chlorpromazine or on injection of procaine 
locally. Rigidity of ischemic decerebration 1s unal- 
fected. 

d. Rigidity of ischemic decerebration appears to he 
mediated by descending vestibulospinal tracts 
(descending in the anterior funiculus), which 
end directly on a-motor neurons. It is also called 
a-rigidity. 

In contrast, Sherringtonian rigidity (also called 
y-rigidity) is mediated by reticulospinal tracts, which 
end on the y-motor neurons. (She y-motor neurons 
reflexly increase a-motor neuron discharge through 
the /-motor loop (discharge through -efferents 
~» contraction of the peripheral part of intrafusal 
fibers — stimulation of annulospiral endings of 
muscle spindle > impulse through la afferents 
enters the dorsal horn — nerve impulse relayed 
monosynaptically to a-motor neuron causing 
contraction of extrafusal fibers of the muscle). That 
is why y-rigidity is abolished by section of dorsal 
root (deafferentation). 


Decorticate Rigidity 


1. This type of rigidity is seen when the cerebral cortex 
is removed. In humans, this type of rigidity is more 
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commonly seen as itis more compatible with fife the 
intact hypothalamus being able to regulate tem Deratury 
and other essential homeostatic functions, 

y ‘The rigidity is present in the antigravity MUSCles 
While the lower limbs are extended, the upper lirnbys 
are flexed, Flexion of the upper limbs is caused by 
uninterrupted activity of flexor group of motor neurons 
due to intact rubrospinal tract. 


Explanation: 

In decorticate rigidity, the level of lesion lies above the 
red nucleus. So, the rubrospinal tract escapes (remains 
intact). 

Now, the rubrospinal tract supplies flexor group of 
motor neurons in the upper limb. 

So, in decorticate rigidity where the rubrospinal tract 
is intact, the upper limbs are flexed. 

In midcollicular section, however, the rubrospina| 
tract is sectioned as the level of midcollicular section 
passes below the red nucleus. So, flexion of upper limbs 
is absent in decerebrate rigidity and all 4 limbs are 
extended, 


3. The rigidity is due to the loss of cortical inhibitory 
influence on the y-efferent fibers, acting through the 
descending medullary reticulospinal tract. 

4. The rigidity is present at rest but disappears during 
phasic postural reflexes. 








: yTRODUCTION 


_ Gravity OT acceleration tends to cause displacement 

~ + the body from equilibrium. The body prevents it 
bs reflex contraction of muscles. These are known as 
postural reflexes. 

- Maintenance of posture is essential for performing 

: coal-directed movements. In other words, posture is 
the background position, which helps in carrying out 
a specific movement to a desired target. 

; Postural reflexes are integrated at various levels of the 
neuraxis. When they are lumped together, it is difficult to 
discern the individual postural reflex. However, sections 
at appropriate levels of neuraxis bring out separately the 
various postural reflexes integrated at different levels. 
The postural reflexes are of the following types: 


FLOCAL STATIC REFLEX 


-. These are elicited on stimulation of a particular limb 
and they are confined locally, i.e., to the stimuliated 

_ limb. They are best demonstrated in a spitia! animal. 

~ Thus, when a limb is stimulated by touch, the muscles 
of the limb contract so as to behave like 4 ©12/d pillar, 
feady to bear the weight of the body. This)» 


OWN dS 
Positive supporting reaction. There is als« 3 (oodency 
ofthe limb to follow the stimulus. That is wiry it 1s also 

_ _, WN as “magnet reaction” 
, “re is another reflex called negative © 1 )/porling 


ction. In it, excessive stretching of the ext’ iiscrs causes 


disa © ; i E 
PPearance of the supporting action of (he ‘mb. 


Aste 

: “MENTAL STATIC REFLEXES 
: ’ Here, 

ref} ; ae 
ine induces appropriate changes in thie opposite 


through segmental reflexes. 





the movement or change of position in one limb | 


' 


Maintenance of Posture 


and Equilibrium 


2. Crossed extensor reflex is an example. In it, when there 


is flexion of one lower limb, the extensors of the other 
limb contract and support the body. 


@ TONIC REFLEXES 


These are reflex changes in the tone and posture of trunk 
and limbs in response to changes in the head position. They 
are integrated in the medulla and initiated from 2 areas: 


1. 


The neck proprioceptors, producing the tonic neck 
reflexes. 


2. Receptors in the otolith organs (the labyrinth), produc- 


ing the tonic labyrinthine reflexes. 


Tonic neck reflexes: 


a 


as 


. On ventroflexion of th 


These are demonstrable in a decerebrate labyrinthec- 
tomized animal. 

On dorsiflexion oj the head, there is reflex extension of 
the forelimbs and flexion of the hindlimb (looking over 
shelf reaction) 

head, there is flexion of the 


forelimbs and extension of the hindlimbs (looking ina 
hole) 
On moving the he: ev side, the Jaw limbs (limbs in 


the direction of tb extend and the other limbs flex. 


Tonic labyrinthine rs 


l. 


PP 
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‘These 


body po 


. In supin 


Tonic labvri ‘is elicited in a decerebrate 
ceptors are damaged. 


limbs show extension and 
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or tone and rigidity are minimal. 


are the rellexes that come in operation when the 


ized. Thus, these reflexes help in 
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correcting or nighting the posture. That is why they are 


called righting reflexes. 


Disturbance of posture may be corrected by: 

1. Optical righting reflexes: he eve detects the disturbance 
trom visual cues in the surroundings and correets the 
posture. This reflex is integrated in cerebral cortex 
untike the other righting reflexes, which are integrated 
in midbrain. 

. Labyrinthine righting reflexes: The receptors in the 
labyrinth detect disturbance in posture when the head 
is tilted relative to the body. The head is brought back 
to normal position by appropriate contraction of neck 
muscles due to the operation of labyrinthine righting 
reflexes. 

3. Body righting reflexes: The proprioceptors present in 
the muscle of the body provide information about 
abnormality of position. This triggers reflex correction 
of posture. 

This, again, may be of various types, e.g. body on body 
righting reflex, body on head righting reflex, etc. 

a. Body on body righting reflex: In this reflex, pressure 
on the side of the body in the lying down posture 
of an animal elicits righting reflexes, which enable 
the animal to right its body even if the head is in 
abnormal position. 

This reflex is prevented by placing a weight on 
the upper surface of the body, which equalizes the 
pressure on the two sides and cancels the reflex 
effects. 

b. Body on head righting reflex: In this reflex, pressure 
on the side of the body in the lying down posture of 
an animal elicits righting reflexes, which enable the 
animal to right its head. 

4. Neck righting reflex: Neck muscles are stretched, ifhead 
is right but the body is tilted. This stimulates the neck 
proprioceptors, which reflexly right the body. This is 
known as the neck righting reflex. 

Of all the righting reflexes, the optical righting reflexes 
are most important in man because a person with 
sensory ataxia or damaged labyrinth has little difficulty 
as long as the optical righting reflexes compensate for 
the deficits. 

But, as soon as he closes his eyes, he has a tendency 
to fall (well demonstrated by Romberg’s sign) (p. 519). 


fe 


Bf HOPPING AND PLACING REFLEXES 


(Cortically controlled postural reflexes) 
1. The hopping and placing reflexes are integrated at the 
cerebral cortex. 
2. In the “hopping reaction’, when an attempt is made 
to displace the animal by pushing it from the side, the 
hopping reaction takes place. It is characterized by 


hopping movements of the animal so that its limbs ara 
properly positioned to support its body weight, 

3. ‘The “placing reactions” are another type of corti, all 
controlled postural reflexes. When a blind folded 
animal, suspended in air, is lowered to a SUrface, jy 
promptly supports its body weight by firmly Placing its 
foot on the surface as $00N as any part of its foot Comes 
in contact with the surface. 


THE VESTIBULAR APPARATUS 


The vestibular apparatus is the sense organ that helps in 
maintaining equilibrium. It consists of: 
a. The utricle and saccule (known as the otolithic organs). 
b. The semicircular canals—three in number on each side. 
These are interconnected membrane-bound struc. 
tures, which together with the cochlea are known as the 
membranous labyrinth. This is housed in bony labyrinth 
formed by bony tubes and chambers inside the petrous 
part of temporal bone. 


Mf THE UTRICLE AND THE SACCULE 


1. These two membrane-bound sac-like structures sense 
linear acceleration. Both of them contain a sensory 
apparatus called the macula, about 2 mm in diameter. 

2. In the utricle, the macula lies in a horizontal plane in 
the inferior wall of the utricle. The cilia arising from the 
hair cells in the macula are oriented vertically upwards. 
It detects horizontal linear acceleration when the head 
is upright. 

3. In contrast, the macula lies in a vertical plane in the 
wall of the saccule. The cilia arising from the hair cells 
in the macula of the saccule are, therefore, oriented 
horizontally. So, the saccule is helpful in detecting 
vertical linear acceleration (or horizontal acceleration 
when the person is supine). 

4. The macula contains numerous hair cells interspersed 
with sustentacular cells. The cilia arising from the 
hair cells are embedded in a gelatinous layer called 
statoconia impregnated with calcium carbonate 
crystals (which are called otoconia or ear dust). The 
basal side of the hair cells contains the sensory endings 
of the vestibular nerve. 

5. The statoconia is 2-3 times as heavy as the surrow ding 
fluid. So, during movement, it is pushed in the oposite 
direction of movement due to higher inertia. This »ends 
the cilia of the hair cells, leading to increase or i) sease 
of discharge through the nerves supplying thei) 


Mi STRUCTURE OF THE HAIR CELL 


1. Each hair cell has about 50-70 stereocilia aj one 


kinocilium arising from its apical end. The kino. ium 
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<9, ashead movements bend the cilia, nerve impulse 


wraffic alters informing the brain about the changes 
\ 


raking place. 
rhe macula contains hair cells disposed in different 


girections. When the head is tilted forwards, some hair 
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cells are stimulated. When the head is tilted backwards, uti itis i 
egme other hair cells are stimulated. G Resting cell Depolarized Hyperpolarized 
rhus. the stimulation pattern of hair cells in the macula 

ages with the position of the head and it is this specific Beginning of head rotation to left 

vftem of stimulation that informs the brain of the exact we 


sgsition of the head. Any appropriate corrective measures, 
‘required, are then undertaken. Right 


Left 
J SEMICIRCULAR CANALS 
| There are 3 semicircular canals in the vestibular 
apparatus on each side. They are anterior, posterior, 


and lateral or horizontal, oriented at right angles to Sinise Inhibition 
each other, representing 3 different planes. of hair cell of hair cell 

1 When the head is tilted forwards by 30°, the lateral | Figs. 85.1A to C: (A) Structure of crista ampullaris; (B) Depolariza- 
semicircular canal becomes almost horizontal. The | tion and hyperpolarization of hair cell. (C) Changes in hair cell and 
anterior semicircular canal oriented vertically is | cupula in semicircular canals during rotation of head to the left. 
directed anteriorly and 45° laterally, whereas the 
posterior semicircular canal, also oriented vertically, 





5. Simultaneously, the cilia at the top of the hair cells 
are bent. If the direction of bending is toward the 


is 0 

4, a en . ee 4 ested ite kinocilium, depolarization takes place. Bending of the 

ampulla containing the receptor organ known as crista cilia in the reverse direction causes hyperpolartzation. 

ampullaris (Fi Hi A P Ultimately, this alters impulse traffic along the nerves 
B 85.14). innervating the hair cells. 


| the crista contains numerous hair ce!ls with project- 
‘bg cilia, which are embedded in a gelatinous mass B FUNCTION OF THE UTRICLE AND THE SACCULE 
called cupula. 
the cupula extends right across the lumen up to the 
, “ied wall of ampulla. | 
|e semicircular canals contain a viscous {luid known 
‘S endolymph. During rotation of the head, the 


1. As mentioned already, the utricle and saccule detect 
linear acceleration, tore <arnple, whena person moves 

| forwards, the statuconia in the utricle, due to its higher 
inertia, is thrown backwards in relation to the macula 


endolymph, nick ‘ iactle ‘scesditin Seiiiiill stationary, 9? This stimulates oy ae ( ~ and initiates increased 
Whereas the canals themselves are moving in the | impulse traffic along ‘he nerves, which leads to the 
Oe feeling, as if the body is talling Backwards, 


-Tocompensate for this, fh person leans torwards until 


ir j . Z ; ; > | 
ction of rotation. This leads to displacement of the | 
| . . 


e 7 
Molymph toward or away from the ampulla and this 
“nds the Cupula to one side. 
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It is to be noted that the utricle is responsible for 
detecting horizontal acceleration, while the saccule 
detects vertical acceleration. 

Apart trom this, they also send tonic discharges in 
response to the pull of gravity when there is no head 
movement. 


Bf FUNCTION OF THE SEMICIRCULAR CANALS (FIG. 85.1C) 
l. 


The semicircular canals respond to angular acceleration. 
When there is rotation in the plane of the semicircular 
canal, the endolymph, during the initial phase of 
acceleration, remains stationary due to inertia while 
the semicircular canal itself moves. 


. As a result, the endolymph is displaced in the direction 


opposite to the movement and the cupula is pushed to 
one side, bending the cilia of hair cells in the process. 


. After a while, when the rotation achieves a constant 


speed, the endolymph and the semicircular canal 
both move equally in the same direction. As a result, 
the cupula is no longer pushed back to one side and it 
regains its vertical position. 


. Again, when the rotation comes to a stop, there is a 


phase of deceleration. Now, the endolymph continues 
to move forward in the direction of rotation but the 
semicircular canal stops moving. 

As a result, the cupula now moves in the opposite 
direction bending the cilia of the hair cells in the 
opposite way. 


. Thus, the impulse traffic in the nerves innervating the 


hair cells of the crista shows opposite changes at the 
acceleration and deceleration phases of a rotational 
movement. 


. It should be noted that the semicircular canals of the 


two sides are mirror images of each other. So, the 
movement of endolymph inside the semicircular canal 
on one side is in the opposite direction to that in the 
semicircular canal of the other side. 


. The specific pattern of stimulation in the semicircular 


canals of the two sides apprises the brain of a particular 
rotational movement of the head. 
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8. 


It is postulated that the main utility of semicireyja, 
canals lies in its ability to predict movements. 
This enables the body to take corrective measure. 


before a particular movement can throw the body off 
balance. 


This function of semicircular canal is possible probably 


due to its close connection with the flocculonodular lobe of 
cerebellum, which is a well-recognized organ of prediction, 


i NYSTAGMUS 


1. 


When there is rotation of head, atypical jerky movement 
may be observed in the eyes. This is called nystagmus, 


. The purpose of nystagmus is to maintain the visya] 


fixation in spite of the changing position of the head. 


. Thus, as the head rotates in a particular direction, the 


eye slowly moves in the opposite direction to keep visual 
fixation unchanged. This is known as vestibulo-ocular 
reflex and it is triggered by the displacement of the cupula 
in the semicircular canals during rotation of head. 


. But, as the eye movements reach the limit, the eye 


makes a swift change of position in the opposite 
direction and then resumes its earlier slow movement 
in trying to maintain visual fixation. 


. The swift movement of the eye is called the quick 


component and it is usually in the same direction as 
that of head movement. The direction of nystagmus is 
expressed by the direction of quick component. 


. As rotation of head continues, the cupula straightens as 


the endolymph no longer has any relative movement 
with respect to the semicircular canals. So, nystagmus 
is not seen at this stage. 


. The direction of nystagmus changes to the opposite 


direction after the rotation of head stops. This is called 
the postrotatory nystagmus. This occurs as the cupula 
is displaced to the opposite side on stoppage of head 
rotation due to inertia of the endolymph. 


. Nystagmus may take place in any direction. Thus, it may 


be horizontal, vertical (visible in a side-turned head 
movement), or rotatory. 


. Nystagmus, at rest, is observed in brainstem lesions. 








pO (FIG. 86.1) 


4 preoptic grou 

p, supraopuc group 

(, Juberal group 

{, Mammillary group. 


|. The preoptic group contains: 
a, The medial preoptic nucleus 
b, The lateral preoptic nucleus 
2, The supraoptic group contains: 
a, Supraoptic nucleus 
b, Paraventricular nucleus 
c, Suprachiasmatic nucleus 
d, Anterior nucleus, 
3, The tuberal group contains: 
a. Ventromedial nucleus 
b. Dorsomedial nucleus 
c, Arcuate nucleus 
d. Lateral nucleus 
e. Posterior nucleus, 


Hypothalamus 


Nettie 


4. The mammillary group contains: 
a. Medial mammillary nucleus 
b. Lateral mammillary nucleus 
c. Intercalated mamumillary nucleus. 


B CONNECTIONS 


1. Hypothalamus has widespread connections to various 
areas of the brain. 


The main afferent connections include: 


a. Mammillary peduncles connecting ventral and 


dorsal tegmental nuclei to lateral mammillary 
nucleus. 


om 


- Dorsal longitudinal fasciculus connecting periaq- 
ueductal gray matter to hypothalamus. 

- Medial forebrain bundle connecting parts of 
orbitofrontal cortex, septal areas, and piriform 
cortex to lateral hypothalamus. 

. The fornix conveying fibers from the hippocampus 
and septal nuclei to hypothalamus. 


Anterior hypothalamic nucleus ——— 


Preoptic nucleus 





Paraventricular nucleus 
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% A Posterior hypothalamic nucleus 
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Fig. 86.1: Nuclei of the hypothalamus. 
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e. The stria terminalis carrying fibers from the 
amygdala to hypothalamus. Other amygdalofugal 
bers also connect the amygdala and piriform 
cortex to lateral hypothalamus. 

'. Periventricular fibers around the third ventricle 
connect dorsomedial and midline nuclei of 
thalamus to hypothalamus. 

. Retinohypothalamic fibers carry nerve impulses 
trom the retina to the suprachiasmatic nucleus of 
hypothalamus. They are concerned with the effects 
of light-dark cycle on diurnal rhythm (see below). 

h. Serotonergic fibers from raphe nucleus end in 
hypothalamus. 

i. Noradrenergic fibers from locus coeruleus project 
to hypothalamus. 


Sa 


. Efferent connections: 


a. The mammillothalamic tract carries fibers from the 
medial mammillary nucleus to anterior group of 
thalamic nuclei and from there fibers are projected 
to the cingulate gyrus. 

This constitutes part of the “Papez circuit’, an 
important component of the limbic system. 

b. The connections mediated via the medial forebrain 
bundle, the fornix, the mammillotegmental tracts, 
the periventricular fibers, and the stria terminalis 
are reciprocal. Hence, the hypothalamus, in 
addition to receiving afferent fibers from various 
areas through the pathways mentioned above, also 
projects efferent fibers to the same areas of the brain. 

c. The hypothalamohypophyseal tract carries fibers 
from paraventricular and supraoptic nuclei to the 
posterior lobe of the pituitary. 

d. The tuberoinfundibular tract carries fibers from the 
arcuate nuclei of the hypothalamus to the median 
eminence and infundibular stem, in the vicinity of 
the capillary plexuses of the hypophyseal portal 
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2. Relation to sleep: Hypothalamus may have some 


relation with sleep as two areas connected with slow. 
wave sleep—the diencephalic sleep zone and the baga| 
forebrain sleep zone (see p. 555)—are located in cloge 
proximity to hypothalamus. 

Association of hypothalamus with sleep is further 
supported by the fact that hypothalamic lesion jg 
a cause of narcolepsy, a disease characterized by 
irresistible urge to sleep. 


. Circadian rhythm: The suprachiasmatic nucle; are 


supposed to be the controllers of circadian rhythm 
involving secretion of ACTH, melatonin, sleep-wake 
cycle, diurnal variation of body temperature, etc. 

The suprachiasmatic nuclei receive impulses from 
the retina via retinohypothalamic fibers, which help 
to synchronize the various circadian rhythms with the 
24-hour light-dark cycle. 


. Feeding and satiety: The hypothalamus plays an 


important role in regulating food intake so that body 

weight is maintained at a constant level. 

There are two centers in the hypothalamus: 

a. One, situated in the lateral part of hypothalamus, 
is the feeding center. When stimulated, it increases 
feeding. 

b. Normally, it is kept in check or inhibited by the 
satiety center present in the ventromedial nucleus. 
Lesion of the ventromedial nucleus removes the 
inhibitory effect on the feeding center and excessive 
eating leads to hypothalamic obesity. 

c. Neuropeptide Y, a 36-amino acid polypeptide, 
has been shown to stimulate food intake. Recent 
studies have also suggested that other substances 
like orexin-A and B and melanin concentrating 
hormone have similar appetite stimulating action. 
On the contrary, proopiomelanocortin (POMC) 
suppresses food intake. 


system. There are several hypotheses about the signals 
regulating the feeding and satiety centers of hypotha!mus. 
Bf FUNCTIONS These are: 


i. The lipostatic hypothesis: Obesity may occ ur due 


1, Autonomic functions: Sherrington described hypo- to a genetic defect in which a protein calleu leptin 


thalamus as head ganglion of the autonomic nervous 
system on the assumption that hypothalamus is the chief 
controlling center of the autonomic nervous system. 
However, although stimulation of certain areas of 
hypothalamus produces effects similar to autonomic 
stimulation, e.g. contraction of urinary bladder, cardio- 
stimulation, and fight-or-flight response, hypothalamus 
does not seem to be involved with direct regulation of 
visceral functions. The responses mediated by hypo- 
thalamus seem to be only a part of more complicated 
responses, often integrated with emotional changes. 


is lacking. Normally, leptin acting throug! leptin 
receptors in the hypothalamus inhibits excess food 
intake, So, lack of leptin causes obesity. | eptin 
level increases with increased fat conteni i the 
body. Thus, amount of body fat, by acting (vrough 


leptin, can regulate food intake. This is the )usis ol 

lipostatic theory. | 
Another cause of obesity, which is also « yenelte 

defect, is lack of leptin receptors in spite o! high 


leptin levels. ‘This is the more common «use ol 


obesity in man. 
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 vrenougt leptin levels are high (which TUN paralle| 


vith ody depot fat), the paucity of leptin rece 
“the ht othalamus renders leptin ineffectiy 
. jn, in spite of high concentration fails to j 
ete ased food intake. This causes obesity, 


Me chanism of action of leptin (Fig, 86.2) 
arcuate nucleus in hypothalamus has two types 
af neurons linked with appetite and food intake, 
rrom one type of neuron, a0 appetite-stimulating 
é suropeptides—neuropeptide Yand AGRP (agouti- 
related protein)—are secreted. The other type of 
neuron secretes a-MSH and CART (caffeine and 
amphetamine-regulated transcript), which are 
two anorexia-producing neuropeptides, (AGRP 
gimulates food intake by an inhibitory effect on 
anorexigenic a.-MSH.) Leptin produces anorexia by: 
» Inhibiting the genes producing neuropeptide Y 
and AGRP. 
» Stimulating the production of o-MSH from its 
precursor POMC and also CART. 

These neuropeptides then act on the 
ventromedial nucleus of hypothalamus (satiety 
center) and on lateral hypothalamic area (feeding 
center) and influence food intake through them. 

ii, Gut peptide hypothesis: According to this, 
food in the gut leads to secretion of a number of 
gastrointestinal hormones, which inhibit excess 
food intake by producing satiety. 

CCK, GRP, glucagon, and somatostatin are such 
hormones. They may be the short-term regulators 
of food intake (leptin takes much longer time for its 
action). 

CCK acts through peripheral (CCK-A) and central 
(CCK-B) receptors. The latter have much more 


powerful action. 
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Fig, 
86.2: Mechanism of action of leptin. Role of various factors 
On food intake is also shown. 


Hypothalamus 


lil, ainsi oad 
Glucostatic hypothesis: It states that the activity 


Of satiety center in the ventromedial nucleus of 
hypothalamus depends on glucose uptake by its 
neurons, 

SO, in hypoglycemia, when glucose uptake is low, 
the activity of satiety center is depressed. So, feeding 
increases due to loss of inhibition on the feeding 
center, 

In diabetes mellitus, there is low glucose uptake 
and utilization in the satiety center due to lack of 
Insulin. This leads to diminished activity of the 

__ Satiety center and consequent polyphagia. 
lv. Other factors regulating food intake: 

1. Cold climate increases food intake while hot 
weather decreases it. 

2. Intestinal distension inhibits food intake, 
whereas empty stomach stimulates appetite. 

3. Food intake is also influenced in man by cultural 
factors, surrounding environment and sight, 
smell or taste of food. 

[For a more detailed and updated account of 
feeding and satiety, see Chapter 105]. 


Ghrelin: 


Ghrelin is a peptide secreted from oxyntic cells of the 
stomach. It has two important functions: 
a. It can stimulate GH secretion from the anterior 
pituitary. 
b. It has an appetite-stimulating effect and thus, it has 
some role in regulation of food intake and growth. 


5. Effect on thirst and water balance (Flowchart 86.1): 
Hypothalamus contains centers regulating thirst and 
water balance. This is proved by the fact that electrical 
stimulation of certain areas in the hypothalamus 
induces the subject to drink water. 

Water balance is regulated through: 

a. Plasma osmolality: Osmoreceptors (present in 
anterior hypothalamus) sense the osmolality of the 
extracellular fluid. 

In hyperosmolar conditions, e.g. dehydration, 
fluid loss, etc., the osmoreceptors are stimulated 
and thirst is felt. his increases water intake and the 
osmolality is brought back to normal. Apart from 


this, hyperosmolality induces ADH secretion from 
hypothalamus. ADH stimulates water reabsorption 
from collecting tubule. This brings down osmolality 
to normal level and water balance is maintained. 
Diminished osmolality, on the other hand, depresses 
thirst aiid water intake. At the same time, ADH 
secretion is suppressed leading to diuresis, which 


restores osmolality and water balance is maintained. 
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Flowchart 06,1: Water halance 
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b. Changes in extracellular fluid volume are: 
¢ Decrease in ECF volume due to negative water 
balance, by decreasing renal perfusion pressure, 
stimulates renin secretion from the kidney. 
¢ Renin forms angiotensin | from angiotensinogen. 
¢ The angiotensin J is converted to angiotensin 
I] by the enzyme ACE (angiotensin converting 
enzyme) present in the pulmonary capillary 
endothelium. 
¢ Angiotensin II acts on subfornical organ 
and OVLT (organum vasculosum of lamina 
terminalis), the two circumventricular organs 
present outside the blood-brain barrier and 
produces thirst by activating these centers. 
¢ The resultant water intake restores fluid balance. 
c. Psychological and social factors also influence 
water intake. 
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reach the posterior pituitary along the axons of 
nerve fibers. 


. The hypophysiotropic hormones are growth 


hormone-releasing hormone (GHRH), growth 
hormone-inhibiting hormone (GIH), or 
somatostatin, thyrotropin-releasing hormone 
(TRH), corticotropin-releasing hormone (CRH), 
luteinizing hormone-releasing hormone (LHRH) 
also known as gonadotropin-releasing hormone, 
and prolactin-inhibiting hormone (dopamine). 


. Medial preoptic area secretes gonadotropin- 


releasing hormone (GnRH); medial parts ol 
paraventricular nuclei secrete TRI and CRH; 
periventricular nuclei secrete somatostatin; and 
arcuate nuclei secrete GnRH and dopaiine. 


. Thus, the hypothalamus receives various external 


and internal stimuli through the nervous systel 


6, Endocrine control: and modulates the endocrine secretions of the 
a, Hypothalamus secretes hypophysiotropic hor- body according to need via the hy) »hysiotrople 
mones that reach the anterior pituitary through hormones. Thus, it helps the body (o adjust © 
hypophyseal portal vessels and regulate the environmental change. 
secretion of hormones from anterior pituitary. 7. Temperature regulation (in brief): 
in temper 


b. In addition, the paraventricular and supraoptic 
nuclei secrete oxytocin and vasopressin, which 


a. Hypothalamus plays an important (0 


ture regulation. 
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ofRATURE REGULATION IN DETAIL 


gegulation of body temperature is very important 


. because: 


a 


.. Speed of chemical reactions taking place in the 
body depends on body temperature. 

, Enzymes of the body show optimal activity within a 
~ narrow range of temperature. 

sody temperature is maintained within a narrow 
jormal range by a delicate balance between heat loss 
and heat gain. 


: The main mechanisms of heat loss are conduction, 


ohm 


hy 


convection, radiation, and evaporation; whereas, heat 
is gained through metabolic processes, intake of food, 
and exercise. 


_The skin and body core sometimes have different 


temperatures. For example, in exercise, the core 
temperature becomes very high and there is a time 
lag before the skin temperature rises. Similarly, 
skin temperature may undergo fluctuation in 
accordance with environmental changes, while the 
core temperature remains unaffected. However, this 
does not pose any problem to temperature regulation 
as both the skin and body core are separately supplied 
with peripheral and central temperature receptors 


(thermoreceptors) and they help in regulation of 
‘emperature. 


. Peripheral thermoreceptors sensing cold and warmth 


‘a € present in the skin, whereas central thermoreceptors 
in body core are present in brain and spinal cord and 
Possibly in blood vessels and muscles. 


Hypothalamic regulation of body temperature is actively 


done by a feedback pathway, which is constituted by 


“mperature receptors, afferent nerves to the brain, a 

“mperature-controlling center in the hypothalamus, 

con sutonomic efferent nerves supplying effectors 
‘ered with heat transfer. 
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RACTERISTICS OF NORMAL BODY TEMPERATURE 


» The rectal te 


- Scrotal lemperature 


AMUS 


Ina hormnal adult rm 


an, the oral temperature hae a 
Hormal value , 


Moun 37°C approximately 
lomperature af hone Is an accurate index of core 
CNvironment Yl he body and is least affected by 
: Ntal changes, 
Fae eperature Is. 0.5°C lower than rectal ternperature. 
ama recorded but it varies with the ternpera 
“OnsumMed liquids, smoking, breathing through 
mouth, ete, 
is maintained at 32°C. Presence of 
testis in the cooler lemperature outside the abdomina! 
Cavity is essential for spermatogenesis. Abdornina! 
(undescended) testis leads to sterility. 


' Body temperature shows a diurnal variation with the 


temperature low early in the morning and high toward 
the evening. 


- Inwomen, basal body temperature rises with ovulation 


and remains elevated in the secretory phase, possibly 
due to the action of progesterone. 


. Core temperature may rise up to 40°C in exercise. This 


occurs due to the large amount of heat produced during 
muscle contraction, which overbalances heat loss. 


- Emotional factors may also raise body temperature 


probably by increasing muscle tension. 


- Some people have increased temperature without 


any apparent reason. This is known as constitutional 
hyperthermia. 


i] MECHANISM OF HEAT PRODUCTION 


The main mechanisms of heat production are: 
1. Certain chemical reactions of the body lead to heat 


a 


production. 

Intake of food stuff such as carbohydrate, fat, and 
particularly protein produces heat, which is called 
specific dynamic action of food. 


. Exercise with muscle contraction is perhaps the largest 


source of body heat. 


. Hormones, e.g. thyroxine and catecholamines, produce 


heat. Whereas heat production by thyroxine is slow and 
prolonged, catecholamines produce heat quickly but 
for a short duration. 

Brown fat, found in infants, produces significant 
amount of heat by its high metabolic rate. 


Mf] MECHANISMS OF HEAT LOSS 


The main mechanisms of heat loss are: 
1. Conduction: \n this process, heat is transferred from the 


body to a cooler Object in contact with it. 
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2. Convection: In this process, heat is THTITOURCEMIULIM Table 66.11 Mechanisms of temperature regulation 
the body by the upward or downward movement of 
molecules (e.g, air) in contact with it. 

For example, air in contact with the body that is warm 


becomes hot and lighter and so it moves upwards to be 


Cold-induced mechanisms 


Increase heat production Decrease heat loss 


e Shivering 
e Increased semiconscious 


e Curled-up position, 


replaced by new cold ait. 

3. Radiation: In this process, heat is transferred from the 
body to a distant object having a cooler temperature by 
electromagnetic waves. 

4. Cutaneous vasodilation helps in heat loss from the 
warm blood contained in the dilated superficial 
blood vessels through the processes of conduction, 
convection, and radiation. 

Cutaneous blood flow can increase up to 10 times 
when vasodilation takes place in response to high 
temperature. On the contrary, cold-mediated vaso- 
constriction can decrease cutaneous blood flow only 
by 50% (half). 

5. One very important means of heat loss is by evaporation 
of water. Evaporation of water may be of the following 
types: 

a. Insensible water loss: This occurs continuously and 
is influenced by environmental humidity. 

It occurs by diffusion through the epidermis and 
is not through the sweat glands. Insensible water 

loss from the skin varies between 40 mL and 600 mL 

in 24 hours, 

b. Sweating: Water is lost in sweating in the form of 
secretion of sweat glands. During exercise, sweating 
may increase up to 1,600 mL/hour, equivalent to a 
heat loss of 960 kcal/hour. (As evaporation of 1 gm 
or mL of water leads to a heat loss of 0.6 kcal). 

c. Panting: Rapid and shallow respiration increases 
evaporation of water and heat loss. This is known as 
panting and is commonly observed in lower animals. 

When surrounding temperature is much lower, heat 

loss takes place mainly through conduction, convection, 
and radiation, while heat loss by evaporation is small. 

However, if surrounding temperature is close to body 

temperature, evaporation becomes the major route of heat 
loss while other processes become relatively minor. 


MECHANISMS OF TEMPERATURE REGULATION 
(TABLE 86.1) 


1. Temperature-regulating processes may be induced by 
cold or heat. Cold-induced mechanisms include those 
that increase heat production or decrease heat loss, 

2. Cold-induced mechanisms that increase heat produc- 
tion are: 

a. Shivering: It is a type of involuntary, alternate 
contraction and relaxation of skeletal muscle in a 


e Nonshivering thermogenesis: 


e Cutaneous vasodilation 


e Sweating 


decreases exposed body 
surface area 
¢ Cutaneous vasoconstrictior, 
1. tSecretion of catecholamine * Contraction of arrectores 
and thyroxine pilorum (horripilation) 


voluntary activity 


2. Brown fat Prominent in hairy anirnals 
Heat-induced mechanisms 
Increase heat loss Decrease heat production 


e Generalized lethargy and 
apathy 

Raises skin temperature e Loss of appetite 
Decreased food intake 


leading to Lheat production 
due to | SDA 


Heat loss by conduction, 
convection, and radiation 


Heat loss by evaporation of 
sweat 


rhythmic manner. It can increase metabolic rate 2-4 
times and thus helps in heat production. Shivering 
prevents fall of body temperature following 
exposure to cold. 

b. Increased voluntary activity: When the environment 
is very cold, exposed persons, without being 
conscious, become engaged in increased physical 
activity, e.g. moving hands and legs, etc. 

Such “semiconscious” muscular activity gener- 
ates heat and elevates body temperature. 

c. Cold induces increased secretion of catecholamines 
and thyroxine, which help in generating heat by 
stimulating metabolism. Also, brown fat, especially 
in infants, contributes to heat production by 
uncoupling of ATP production from metabolism 
(see p. 369) in mitochondria. Together, these 
constitute chemical or nonshivering thermogenesis. 


3, Cold-induced mechanisms that decrease heat loss are: 


a. Cold-exposed persons often lie in bed in a curled-up 
position. This decreases the exposed body surface 
area and reduces heat loss. 

b. Cutaneous vasoconstriction occurs due ‘o local 
as well as central effects of cold. Cutaneous vaso- 
constriction prevents blood from coming !!:(0 the 
skin and getting cooled by conduction, com ection, 
or radiation. Thus, the core temperature | ds to 
remain unaltered. 

However, in severe cold, there may be par. oxical 
vasodilation in superficial cutaneous blov. \essels 
and this explains the reddish hue of skin © severe 
cold. 
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yeat-induced mechanisms that increase heat loss 


oan eous vasodilation occurs in 

a. ncreased body temperature. In suc 
warm blood flowing through the dila 
plood vessels raises skin temperature and Promotes 
heat loss by conduction, convection, and radiation, 

», Sweating is a very important means of heat loss 
in hot environment. As explained above, Sweating 
leads to considerable heat loss due to evaporation 
of sweat, especially during exercise. 
Heat-induced mechanisms that decregse heat 

roduction are: 

a, Generalized lethargy and apathyin hot environment. 
This decreases heat production b 
muscular activity. 

b. Loss of appetite in hot environment decreases heat 
produced by specific dynamic action of food. 
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J ROLE OF HYPOTHALAMUS 


|, Anterior hypothalamus is activated by warmth, and 
the reflex responses mediated by it are sweating and 
cutaneous vasodilation. 

2, Posterior hypothalamus is stimulated by cold, and 
the reflex responses mediated by it are shivering and 
cutaneous vasoconstriction. 


[FEVER 


|. Fever occurs in infections, During fever, the body tem- 
perature is raised and thermoregulatory mechanisms 
dct to maintain body temperature at this new higher 
level, i.e, there is an apparent resetting of thermostat. 
:. The mechanism of fever production is as follows: 

4. Endotoxins or other pyrogens arising from bacteria 
act On monocytes and macrophages, which release 
various cytokines such as interleukins, interferons, 
etc, 

b. The cytokines act at organum vasculosuin of lamina 
lerminalis (OVLT), a circumventricular organ, 
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i Seen at this explains its antipyretic effect. 
| Some beneficial effects, ‘These are: 

a. ‘The higher lemperature caused by fever diminishes 

the growth of bacteria, 
; Increased temperature caused by fever is useful 

In the treatment of several diseases like anthrax, 
Neurosyphilis, leprosy, pneumonia, etc. 


[| HYPERTHERMIA AND HYPOTHERMIA 


Hyperthermia and hypothermia are conditions when 


temperature regulating capabilities are overwhelmed 
either by excessive heat production or heat loss. 

Hyperthermia is most often caused by exposure 
to a high ambient temperature with high humidity for a 
Prolonged period. The high ambient temperature reduces 
heat loss by radiation or convection, whereas the high 
humidity decreases heat loss by evaporation. As these 
avenues of heat dissipation are blocked, heat accumulates 
in the body resulting in hyperthermia. 

In the desert, there is significant heat gain by means of 
radiation. To counteract this, the desert people wear loose 
clothing. This prevents heat gain by radiation and, at the 
same time, the circulating air inside the clothings permits 
heat loss by convection and evaporation. 

Hypothermia, the opposite condition, may be caused 
by prolonged stay in a cold environment as occurs 
during prolonged immersion in cold water, which has a 
high specific heat as well as a high thermal conductivity. 
Vasoconstriction and shivering are the two main responses 
to counter excessive cold. 

When the core temperature is brought down artificially 
to low values, the heart rate and rate of respiration are 
markedly diminished, blood pressure falls appreciably 
and consciousness is also lost. When a moderate degree 
of hypothermia is artificially induced in humans, they can 
be brought back to normal temperature without significant 
ill effects. 

As in hypothermic subjects, the metabolic and 
physiological requirements are decreased remarkably, 
they can tolerate arrested circulation for prolonged 
periods. This fact has been put to practical use by inducing 
hypothermia in patients undergoing cardiac or brain 
surgery, Under hypothermic conditions, the surgeon can 
perform prolonged operative procedures on the heart or 
brain with arrested circulation, 
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I INTRODUCTION 


1. Autonomic nervous system carries out its actions at 
a subconscious level. It is not governed by voluntary 
control. That is why it is called “autonomic nervous 
system’. 

2. Relation with somatic nerves: ANS (autonomic nervous 
system) has important functional links with the somatic 
nervous system. 

Although autonomic afferent nerves from viscera 
may run along sympathetic and parasympathetic 
nerves up to the CNS, these afferent nerves (carrying 
visceral sensation) and somatic nerves share the same 
pathways within the CNS. Due to this lack of separate 
afferent pathway, autonomic nervous system is some- 
times called the efferent nervous system. 

3. Relation with endocrine system: Autonomic nervous 
system also has close relation with endocrine system. 
Following are some examples: 

a. Hormones are secreted from the adrenal medulla, 
which is a modified sympathetic ganglion. 

b. Cortisol has a permissive action on catecholamines 
secreted from sympathetic nerve endings. 

c. Thyroxine, a hormone of thyroid gland, increases 
the number of §-adrenergic receptors in the heart. 


Autonomic nervous system is divided into (Fig. 87.1): 


A. The parasympathetic division 
B. The sympathetic division. 


The Parasympathetic Division 
The parasympathetic efferents come out as craniosacral 


outflow: 
1. The cranial outflow: 
a. Itis the part of the parasympathetic system coming 
out from the brain via 3rd (oculomotor), 7th (facial), 


9th (glossopharyngeal), and 10th (vagus) nerves, 


Autonomic Nervous System 


- a 


_ The cell bodies of the preganglionic neurons are 


located in the corresponding cranial nerve nucle; 
within the brain. 


. The postganglionic neurons arise from ganglia 


usually close to the target organ. The ciliary ganglion 
and the otic ganglion are examples. 


. The sacral outflow: 
a. 


The sacral outflow arises from the intermediolatera] 
gray column or lateral horn of 2nd to 4th sacral 
segments. 


. The cell bodies of the preganglionic neurons are 


located in the lateral horn of the spinal cord. These 
send long axons, which end on ganglia situated 
close to the target organ. 


. Postganglionic neurons are usually short and 


their endings on the target organ are beaded in 
appearance, supplying many target cells. 


. The receptors: 
a. 


The receptors in the parasympathetic ganglia are of 
nicotinic type (N,) and the neurotransmitter acting 
on them is acetylcholine. 


. The postganglionic neurons also secrete acetylcho- 


line at their endings and they end in target cells on 
acetylcholine-gated receptors, which are of musca- 
rinic type. 

These again are of at least five dificrent types, 
from M, to M.. M, is present in brain, \|. is present 
in heart, M, is present in the stomach, \'. is present 
in pancreas, and M. is present in smoot! muscle. 


. Effects of parasympathetic stimulation: 
a, 


Constriction of pupils. 


b. Accommodation, salivation, and lacrim avon. 


C. 


Negative inotropic, chronotropic, drom) t1opl® and 
bathmotropic effect on heart. 


d. Contraction of gastrointestinal, genitou wary, and 


respiratory muscles, but relaxation o! sphinctels. 
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Fig. 87.1: The parasympathetic and sympathetic divisions of autonomic nervous system. 


e, Secretion of glands, e.g. gastric, pancreatic, lacrimal, 
bronchial, etc. 


The Sympathetic Division 


|. The sympathetic efferents come out from the spinal 
cord as thoracolumbar outflow, which extends from 
the 1st thoracic segment (T,) to the 3rd or 4th lumbar 
segments (L,/L,). 

2. The preganglionic efferent neurons arise from cell 
bodies located in the lateral horn of the spinal cord 

_ (intermediolateral gray column). 

3. The preganglionic efferents come out through the 
anterior (ventral) root of the spinal segment and 
then pass through the white rami communicantes 
(which connect the ventral root to the paravertebral 
‘ympathetic chain) to the paravertebral sympathetic 
chain (Fig. 87.2). Here, most of the preganglionic 
neurons end at the ganglia and relay with postganglionic 
Neurons. 
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Fig. 87.2: Sympathetic preganglionic and postganglionic neurons 
running through white and gray ramus communicantes, respectively. 


b. They may return (to the spinal nerves through gray 
rami communicantes and spread along the spinal 
nerves to supply autonomic effectors such as 
vascular smooth muscles. 

Some preganglionic efferents may pass right 
through the paraverts bral ganglion chain without 


interruption, hey end in some collateral ganglia 
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located close to the viscera. (These are the celiac, 
superior mesenteric and inferior mesenteric 
ganglia.) From there, postganglionic neurons 
supply the viscera. 


. The male and female reproductive organs are in 


part supplied by a special type of postganglionic 
sympathetic innervation. Here, the sympathetic 
postganglionic neurons are very short, the ganglia 
lying very close to or on the viscera. 

The preganglionic fibers necessarily have to be 
very long, extending right up to the ganglia. 


. The sympathetic postganglionic neurons arising 


from the superior, middle, and inferior cervical 
ganglia at the upper end of paravertebral ganglion 
chain pass along arterial branches to innervate 
structures in the head. 


. Neurotransmitters 


a. The neurotransmitter secreted by sympathetic 


preganglionic neurons at the sympathetic ganglia 
is acetylcholine, which acts on nicotinic receptors. 


b. The postganglionic sympathetic neurons end on 


adrenergic receptors (a,, a,, B,, B,, and B,), the 
neurotransmitter being noradrenaline. 


c. The postganglionic chromaffin cells at the adrenal 


medulla secrete adrenaline (epinephrine). 


d. Some postganglionic sympathetic neurons secrete 


acetylcholine at their endings (blood vessels of 
skeletal muscles supplied by cholinergic vasodila- 
tor system). 


6. The main actions of sympathetic division: 
a. Through a-receptors: 


¢ Contraction of dilator pupillae causing mydriasis 
(dilation of pupils). 

¢ Constriction ofarterioles in the skin and mucous 
membrane. 

¢ Decreases tone and motility of stomach and 
intestine. 

¢ Increases tone of the sphincters of stomach and 
intestine. 

¢ Causes ejaculation in males. 

¢ Causes contraction of pilomotor muscles and 
secretion of sweat glands in palms of hands and 
other sites (adrenergic sweating). 


b. Through f -receptors: 


¢ Increases heart rate. 

¢ Exerts positive inotropic, dromotropic, and 
bathmotropic actions on heart. 

¢ Stimulates secretion of renin from the kidney. 


c. Through f3,-receptors: 


¢ Causes dilation of arterioles of skeletal muscles 


and liver. 
¢ Causes relaxation of bronchial smooth muscle. 


Section 11: Nervous System 


. From these ganglia, the postganglionic neu!” 


. Horner’s syndrome is caused by a les 


@ Causes relaxation of uterus. 
@ Stimulates secretion of insulin, 
d. Through },-receptors: Causes lipolysis, 


7, The fight-or-flight reaction of Cannon; 


a, The sympathetic division of the autonomic - 
system prepares the body to tackle danger, 
situations like meeting a killer animaj e 
individual (or the animal) will now have t,, eith e 
fight the killer animal or run away with Maxims. 
speed (flight). om 
b. The sympathetic stimulation gears up the body f 
either of these reactions. For example: " 
@ There is dilation of pupils—this allows Passage of 
more light to the retina improving vision. 

¢ There is increased heart rate and elevated blog 
pressure—this helps in increasing perfusion o¢ 
important organs and muscles. 

¢ There is cutaneous vasoconstriction—t};, 
restricts blood loss from surface wounds, 

¢ The threshold of activation of reticular formatioy 
is lowered—this helps the individual to maintain 
an alert, aroused state. 

¢ There is increased lipolysis and glycogenolysis— 
this provides additional nutrients and energy. 

c. Thus, it may be observed that all the effects of 
sympathetic stimulation help the individual or 
animal in meeting the emergency situation. In 
other words, the sympathetic nervous system is 
well-equipped to meet the immediate needs of an 
emergency. For this reason, the sympathetic nerve 
is also known as “nerve of today’: 

d. In contrast, the parasympathetic division of the 
autonomic nervous system decreases heart rate, 
and helps in digestion and absorption of food by 
increasing gut motility and secretion of glands. 

Thus, it helps in the day-to-day vegetative activity and 


VO. 


conserves energy. So, it is called “nerve of tomorrow’ 


Bf APPLIED 


Horner’s syndrome: 
1. The sympathetic nerve fibers supplying the head and 


neck region arise from the T, and T, segments and 
then pass to three ganglia called superior, m dle, and 
inferior cervical ganglia, which form the top most pat 


of the paravertebral sympathetic ganglioni: chain, 
1s emerge 


and form a plexus around carotid arte) and reach 


different organs along its branches. | 
ion anywhere in 


hus, the 


the course of these sympathetic neuro!ls | 
level of the 


site of lesion may be preganglionic, at the 
ganglia, or postganglionic. 
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& GENERAL CONSIDERATIONS 


l. 


i) 


or 


Diencephalon consists of thalamus and hypothalamus. 
Thalamus, a paired structure, is situated one on either 
side of the midline, in the upper part of the lateral wall 
of third ventricle. It is an ovoid mass of nuclei separated 
laterally from the basal ganglia by the internal capsule. 


. The two thalami, located at the base of cerebral 


hemispheres, are connected to each other by massa 
intermedia. 


. The thalamus is a major relay station of almost all 


sensory pathways, which include both general and 
special sense. Nerve pathways in the reticular activating 
system also relay in the thalamus. 


. In addition to the sensory pathways, the thalamus is 


also a part of the motor pathways involving the basal 
ganglia and cerebellum. 


. Besides, through the Papez circuit, it has connections 


with limbic system. 


Bf THALAMIC NUCLEI (FIG. 88.1) 


Anatomically, the thalamic nuclei are divided by internal 
medullary lamina (which is a band of white matter) into 
three main groups: (1) lateral, (2) medial and (3) anterior. 


‘ 


The lateral group: 

It consists of: 

a. A ventral group consisting of ventral anterior (VA), 
ventral lateral (VL), and ventral posterior (VP) 
nuclei. 

Ventral posterior group of nuclei is subdivided 
into a ventral posterolateral (VPL) and a ventral 
posteromedial (VPM) group. 

The ventral posterolateral group is the relay station 
for sensory traffic from the trunk and extremities 
while the ventral posteromedial group serves as the 
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Fig. 88.1: The thalamic nuclei. 


relay station for sensory impulses coming from the 
face region. 

The ventral group also contains medial and lateral 
geniculate bodies (MGB and LGB), collectively 
known as metathalamus. 

b. The dorsal group consists of the lateral dorsal (LD) 
and lateral posterior (LP) nuclei and the pulvinar 


(P). 


. Medial group of nuclei: 


a. The dorsomedial nuclei (DM) 
b. The midline and intralaminar nuclei (MI). 


3. Anterior group of nuclei (A): 


These may be subdivided into anterior ventral. anterior 
dorsal, and anterior medial nuclei. 


. Other parts of the thalamus include the epithalamus, 


which contains the pineal body and the habenular 
complex. 


Hf CONNECTIONS AND FUNCTIONS 


The major connections of the thalamus are as to) vs" 
1. The nonspecific projection nuclei o! 


cryalamus: 


Afferents from various sensory pathways an. eticulat 
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_ ceysten relay at the midline and intra 
ive ich are the nonspecific proje 
cle rfferents spread diffusely 

pale! ‘itd cortex. 

he ail anc projection nuclei Projecting to s 

ones ‘ ~erebral cortex are as follows: 

ass rv: 

a / posterolateral and ventral posteromedial 
sy of nuclel: 

gr ee fferents belonging to sp; ; 

mney receive a iad Bing to spinothalamic 

acts through medial an spinal lemniscus and 

ferent from the face through trigeminal lemniscus, 
mney send efferents to the postcentral gyrus via the 

asterior limb of internal capsule. Thus, they form 
‘mportant relay stations in the sensory pathways, 
», Motor: 

— Ventral lateral nucleus receives afferents from 
dentate nucleus of cerebellum and also from 
pasal ganglia via thalamic fasciculus, 

It has reciprocal connections with area 4 of 
motor cortex organized in a somatotopic pattern, 

Its connections presumably take part in motor 
control and also in planning and programming 
of movements. 

ij. Ventral anterior nucleus receives afferents from 
substantia nigra and globus pallidus and sends 
efferents to area 6 of premotor cortex. 

c. Related to emotional function: 

i, Afferent fibers come from the mammillary body 
of hypothalamus to the anterior group of nuclei 
via the mammillothalamic tract. Efferents from 
this group are projected to the cingulate gyrus. 
These fibers form part of the Papez circuit and are 
actively involved in emotion and recent memory. 

. Dorsomedial nucleus has reciprocal connections 
with various parts of prefrontal cortex. It may 
have some influence on mood and emotional 

State, 

Association nuclei with integrative function: 

° Lateral dorsal nucleus receives afferents from 
Superior colliculus. It sends efferents to the 
cingulate gyrus and hippocampal areas. 

4 Lateral posterior nucleus has reciprocal 
connections with areas 5 and 7 of parietal 
association cortex. 

4 Pulvinar has extensive reciprocal connections 
With the association areas of parietal, posterior 
temporal, and parts of occipital cortex. 

thers: Medial geniculate body receives afferents 
rom the auditory pathway, while the lateral 


Sniculate body receives afferents from the optic 
ract, 
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The medial Keniculate body sends efferents 0 
the auditory cortex, while the lateral geniculate 
body sends efferents via the optic radiation fo the 
Primary visual cortex. 

The medial geniculate body is concerned with 
hearing, while the lateral geniculate body 
Subserves vision. 


Functions of Thalamus 


l, 


As already told, the thalamus is a major relay station 


of almost all sensory pathways. It is also a part of some 
important motor pathways, 


: Thalamus is capable of subcortical perception to some 


extent. This is especially true with regard to pain. 


- Being an integral component of RAS, it is responsible 


for Consciousness and alertness, 


. It probably has some role in sleep, as sleep is induced 


On electrical stimulation of certain thalamic areas. 


. Italso plays a role in the “synchronization” of electro- 


encephalography (EEG). 
Through its connections with Papez circuit, thalamus 


may have some influence on emotional changes and 
recent memory. 


Thalamic syndrome (vide p. 510). 


Ml RETICULAR FORMATION 
l. 


Itis a complex network of nerve fibers spread out in the 
brainstem from the lower part of the medulla up to the 


thalamus. It is a phylogenetically old structure present 
in the core of the brain. 


. Unlike the classical specific ascending nerve pathways, 


which have modality-specific functions, nerve fibers in 
the reticular formation are stimulated nonspecifically 
through collaterals from various ascending nerve 
pathways. 


. It has several important components: 


a. The large pontomedullary (brainstem) neuronal 
network that incorporates the cardiovascular (e.g. 
vasomotor center) and respiratory centers essential 
for survival of the living body. 

b. The cell bodies and nerve fibers of serotonergic, 
adrenergic, and noradrenergic systems form part 
of the reticular formation. 

c. Italso includes ascending fibers known as ascending 
reticular system (also known as reticular activating 
system). 

d. There are also descending fibers trom reticul 
formation called descending reticular system. 

e. Besides this, the reticular formation in the medulla 


has reciprocal connections with the anterior lobe of 
cerebellum 


ar 





B RETICULAR ACTIVATING SYSTEM (FIG. 88.2) 


1, The reticular activating system (RAS) receives 
collaterals from the specific ascending pathways. 
Most of the ascending fibers of the RAS relay in the 
midline and intralaminar nuclei in the thalamus and 
then end diffusely in various parts of the cerebral 
cortex, 

However, some ascending fibers bypass the thalamic 
nuclei and end in the cerebral cortex directly. 

. Although this system is not involved in any modality- 
specific sensation, it diffusely stimulates the cerebral 
cortex and it is responsible for consciousness and 
alertness (arousal response). 
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Fig. 88.2: The reticular activating system. 
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. The lower medullary area in the reticular format, 
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| Bl DESCENDING RETICULAR SYSTEM 


The descending fibers from reticular formation ; 
from two large areas in the brainstem. The Upper ates 
spread over the pons and midbrain is facilitatory, While 
the lower medullary area is inhibitory. Both areas send 
descending fibers through reticulospinal tracts 


These are concerned with regulation of stretch reflex, 


' ‘ . ' On 
receives inhibitory input from descending fibers of 4, 


cerebral cortex and basal ganglia, which is responsjpy, 

for its inhibitory function. : 
Midcollicular transection interrupts these descen din 

inhibitory influences and gives rise to decerebrat, 


rigidity (see p. 533). 


ITl¢e 


_ Descending fibers from raphe magnus and PAG inhipj, 


substantia gelatinosa of Rolando and regulate pain 
transmission. 


i FUNCTIONS OF RETICULAR FORMATION 


_ Although not associated with specific sensory percep. 


tion, reticular formation is essential for consciousness 
without which sensory perception is not possible. It js 
required for alertness and regulates wakefulness and 
sleep. 


. It regulates transmission of sensory stimuli, e.g. slow 


pain. 


_ It controls stretch reflexes and muscle tone. 
. Itis essential for proper functioning of the vital cardio- 


vascular and respiratory centers. 


. Itincorporates adrenergic, noradrenergic, and seroto- 


nergic systems. 








yrpoDUCTION 


_ the term EEG (electroencephalogram) was coined by 
“pe Germal psychiatrist Hans Berger. The recording 
electrodes in EEG are placed over the scalp. 

The recording, obtained by placing electrodes 
directly on the cortex, is known as electrocorticogram. 

> The EEG recording may be bipolar or unipolar. In 

: bipolar recordings, two active electrodes are placed 
on two different areas on the scalp and the potential 
difference is recorded. 

On the other hand, in unipolar recording, potential 
difference between an active electrode placed on the 
scalp and an indifferent electrode placed at a different 
part of the body is recorded. 


[VARIOUS RHYTHMS IN EEG (FIG. 89.1) 


|. In adults who are relaxed and awake with the mind 
at rest and the eyes closed, a wave pattern with a 
frequency of 8-13/sec and an amplitude of 50 pV is 
found. This is called the a-rhythm (alpha rhythm). It is 
usually found in parieto-occipital area. 
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Fig. 89.1: The different EEG waves. 


Sleep and EEG 
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2. Another type of wave is called beta wave or B-rhythm 


(beta rhythm). This has a frequency of 18-30/sec and 
an amplitude of 5-10 pV. It is usually found in frontal 
area. It is found in the awake state. 


. Gamma wave with a frequency of 30-80/sec may be 


seen in persons working with rapt attention. 


. 0-rhythm (theta rhythm) or theta wave has a large 


amplitude with a frequency of 4-7/sec. It is commonly 
found in children over parietal and temporal areas. 


. Delta waves are the slowest of all waves with a frequency 


lower than 4/sec and an amplitude of 20-200 pV. It is 
found during sleep and in organic brain disease. 


Wj ALPHA-BLOCK (FIG. 89.2) 


1. Any form of mental stimulation, such as doing mental 


arithmetic or opening the eyes, leads to replacement 
of a-rhythm (alpha rhythm) by fast, irregular, high 
frequency, and low-voltage waves. This is called a-block 
(alpha block). 


_ This conversion of a-rhythm (alpha rhythm) into high 


frequency, low voltage waves in alert, attentive state of 
mind is also called arousal or alerting response. 


Previously, this was termed desynchronization. 


However, recent studies have shown that in a-block 
(alpha block), synchronization is maintained but the 
frequency of waves is increased. 


Eyes open | 


shanna 





Fig. 89.2: Alpha block on opening of eyes (a-waves replaced by 


high frequency, low-voltage and irregular waves), 
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Bf PHYSIOLOGICAL BASIS OF EEG WAVES 


1, The waveform in the EEG is possibly due to alternating 


increase and decrease in the electrical activity in the 
cerebral cortex. It is presumed that the EEG waves 
are due to: (a) oscillating currents in the cortex and 
(b) oscillating activity between thalamus and cortex. 


2. In the cortex, the dendrites of the neurons occupy 


the most superficial layers. They are numerous and 
have similar parallel orientation. These dendrites 
undergo local potential changes of both depolarizing 
and hyperpolarizing types. Due to their anatomic 
disposition and physiological properties, a rhythmic 
fluctuation in electrical activity or a fluctuating dipole is 
produced and this ultimately leads to the wave pattern 
seen in EEG. 


. The thalamus has a reciprocal feedback circuit with the 


cerebral cortex. This thalamocortical loop influences 
cortical electrical activity in accordance with changes 
in thalamic neuronal activity. 

During slow-wave sleep, thalamic neurons become 
hyperpolarized and show only phasic bursts of electrical 
activity similar to sleep spindles. On the contrary, in the 
awake state, the neurons are partly depolarized and 
show tonic firing. 

Feedback from the thalamic electrical activity has 
regulatory influence on the activity of cortical neurons. 


Bf PATTERNS OF EEG IN SLEEP 
1. Sleep is of two types: 


a. REM (rapid eye movement) sleep. 
b. NREM (nonrapid eye movement) or slow-wave 
sleep. 


. EEG pattern of NREM sleep: 


a. There are four stages of NREM sleep. As a person 
falls asleep, he successively enters stages 1, 2,3, and 
4 of NREM sleep. 

b. Stage 1 of NREM sleep is associated with high- 
frequency and low-amplitude EEG waves. 

c. “Sleep spindles” appear in stage 2. The sleep 
spindles are characterized by bursts of 10-14/sec, 
50 pV waves similar to a-waves. 

Occasional high voltage waves called K complexes 
may also appear at this stage. 

d. Stage 3 EEG waves have a lower frequency but 
higher amplitude. 

e. Stage 4 shows the largest and slowest waves, 
indicating synchronized electrical activity. 


. EEG pattern in REM sleep: 


a. With the onset of REM sleep, EEG pattern of high 
amplitude, and slow waves in the later stages of 
NREM sleep, is replaced by low voltage, high- 
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frequency waves similar to that seen in the , 


slate, 
We ¢ ( 
However, the sleep is by no means light, fp, fact 


the threshold for arousal is raised and it js aCtivally 


more difficult to awaken the subject. 

Again, the eyes move rapidly in this type of slo. 
That is why it is called rapid eye movemen; sleen 
As the BEG characteristics and eye movement, 
resemble a state of wakefulness, this type of sleep ig 
also called “paradoxical” sleep. 


. Animportant feature of REM sleep is the occy rence 


of PGO spikes (ponto-geniculo-occipita] spikes) 
These are electrical potential changes arising fro, 
the pons, then passing through the lateral genic) ate 
body and ending in the occipital cortex. 


. InREMsleep, muscle tone is decreased considerably 


Also, voluntary movements are paralyzed possibly 
due to the inhibiting activity of locus coeruleus. 


. Dreams are associated with REM sleep but they 


are characterized by disordered thoughts. Also, 
retention of dreams in memory is poor and they are 
liable to be forgotten easily. 


. Again, visual association areas show increased 


activity during REM sleep, whereas activity in the 
primary visual cortex is suppressed. This supports 
the finding that emotional perceptions rather than 
real sensations are experienced in dreams. 


i GENESIS OF SLEEP 


A. Bremer’s experiment: 
1. Bremer showed the relation between impulses 


arising from reticular formation and sleep. He made 
two preparations of brain. In one, section was done 
at the upper border of midbrain. In this preparation, 
all connections from ascending reticular-activating 
system as well as the specific sensory pathways to 
the cerebral cortex were cut off. This preparation 
was Called “cerveau isole” 

In the other preparation, section was done at 
the upper end of spinal cord. This preparation was 
called “encephale isole” 


. Itwas observed that, in cerveauisole, the preparation 


showed synchronization associated with . state of 
sleep. In contrast, in the preparation in « cephale 
isole, the animal was awake and arousa. response 
could be elicited. 


. It was postulated that the latter response Ws 
probably due to the incoming afferen: pulses 
juditory 


coming via the trigeminal, optic, anu 
nerves, which stimulated the reticular forauio? : 
produce a state of wakefulness with desy n< Tone 
EEG. 


Wake 
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/ while this classical experime 
-gicular formation in sleep, 
of rene -arrived at an erroneous cone 
gremer arrived : ea 's Conclusion that the 
~ jeep-like state or sync ‘ronization Seen in “cerveay 
ole” was produced by disruption of the large 
gpecitic sensory pathways. But, this WAS Corrected 
py the following subsequent experiment. 
py Moruzzi and Magoun: 
oan ai) extension of Bremer’s experiment, Moruzzi 
and Magoun showed that, if Only the ascending 
specific sensory tracts were sectioned leaving the 
connections between the reticular formation and 
rebral cortex intact, the animal remained awake. 
However, if the latter nonspecific pathways 
from reticular formation to cerebral cortex were 
interrupted, the animal fell asleep. 
> So, they postulated that wakefulness or arousal was 
. due to activation of cerebral cortex by the nonspecific 
projections from reticular formation through the 
thalamic midline and intralaminar nuclei, while 
the specific ascending sensory tracts contributed to 
the awake state by stimulating the nonspecific RAS 
projections to cerebral cortex through collaterals. 

Absence of sensory stimuli makes the nonspecific 

RAS projection silent and the animal falls asleep. 
Theory of sleep and neurotransmitters: The neuro- 
transmitter activity in neurons of reticular formation 
appears to modulate sleep-wake cycle. Thus, an awake 
state results when norepinephrine and serotonin 
activity is increased in locus coeruleus and raphe 
nuclei, respectively while acetylcholine activity in 
pontine reticular formation is decreased. Opposite 
changes lead to REM sleep. 

When activity of aminergic and cholinergic groups of 
neurotransmitters occurs in balanced amounts, NREM 
sleep results. 

GABA and histamine also influence sleep. When an 
increase in GABA activity is coupled with a decrease in 
histamine activity, NREM sleep is induced. Conversely, 
a decrease in GABA activity together with a rise in 
histamine activity results in an awake state. 


nt highlights the role 


ce 


. Areas producing slow wave sleep: Slow wave sleep 


can be produced by stimulation of three different 

subcortical areas. These are: 

‘. The diencephalic sleep zone: \t is located in the 
Posterior part of hypothalamus and the adjacent 
intralaminar and anterior thalamic nuclei. 

b. The medullary synchronizing zone: \t is located in 

€ reticular formation of medulla oblongata close 
'o nucleus tractus solitarius. In both these zones, 
low-frequency stimulation causes slow wave sleep 
but high-frequency stimulation causes arousal. 
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Drain sleep zone: Wie is an area, which 
8 the Preoptte area and diagonal band 
tis unique from the other two areas 
d above in that stimulation of this area 
COU8CS slow Wave sleep in response to both low 
lrequeney and high frequency stimulation. 

temical agents Influencing slow-wave sleep: 

A chemical substance, adenosine, probably induces 
sleep, Caffeine, which antagonizes adenosine, is a 
Powerful agent producing wakefulness and alertness. 
2. The Prostaglandin PGD, has been found to 


induce slow wave sleep, whereas PGE, produces 
wakefulness, 


C} 
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- Other hypothetical sleep-inducing agents include a 
lipid substance, muramyl peptide, IL-1, melatonin, 
and asleep peptide. However, their roles in producing 
sleep have not been proved beyond doubt. 

. The drugs benzodiazepine and barbiturates, acting 
on GABA, receptor, have well-known hypnotic 
effects. So, there may well be a sleep-producing 
endogenous ligand for this receptor. 


. Miscellaneous: 


1. Repeated stimulation of cutaneous mechanore- 


ceptors at a frequency of 10/sec induces sleep in 
animals. This is consistent with the common find- 
ing that sleep is produced in humans in response to 
persistent and repetitive stimuli. 

2. Slow wave sleep is strongly influenced by circadian 
rhythm and this effect is exerted through the 
suprachiasmatic nuclei in the hypothalamus. 


i SLEEP CYCLE 


1. At night, as a person falls asleep, he passes first through 


stages 1 and 2 of NREM sleep, which are of short 
duration. Then as he enters stages 3 and 4 of NREM 
sleep, the time spent is much longer, taking about 70- 
100 minutes. After that, his sleep passes back through 


the stages in the reverse order and finally enters the 
REM phase. 


2. ‘This constitutes a sleep cycle and is repeated every 90 


minutes throughout the night. Toward the morning, 
there is an increase of REM sleep at the expense of 
stages 3 and 4 of NREM sleep. 


. REM sleep accounts for 25% of total sleep duration in 


adults, 50% in newborns and 80% in premature infants. 


. Sleep disorders associated with REM sleep include 


narcolepsy (an irresistible urge to sleep and reduced 
sleep latency). Sleep disorders during NREM sleep 
include disorders like somnambulism (walking during 
sleep), nocturnal enuresis (involuntary micturition 
during sleep), night terrors, bruxism (teeth-grinding), 
el 
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Narcolepsy is a sleep disorder in W 
irresistible daytime urge for slee 
adequate night-time sleep. An interesting 
sleep disorder is that patients directly en 
sleep without requiring prior 


destruction of neurons in the Jater 
neurons secrete a polypeptide named ore 
This substance has been found to simul 
appetite and metabolic rate 
typical daytime urge for sleep ch 


Bf USEFULNESS OF EEG 
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hich the pation! feels 
p in spite of having 
feature of this 
ter into REM 


NREM sleep as ts usual, 

5 
This disorder has been ascribed to autoimmune 
al hypothalamus, hese 
xin or hypocretn, 
ate wakefulness, 


and deficiency causes the 


aracteristic of narcolepsy: 


EEG is helpful in diagnosing the following clinical 


situations: 

a. Collection of fluid over ac 
as in subdural hematoma, 
activity over it. This area can be 
EEG. 

b. Localized cortical lesions may produce irregular 
waves or slow waves, which can be detected in EEG. 


_ Finally, EEG is helpful in diagnosing different types 
of epilepsy. 


ertain part of the cortex, 
dampens the electrical 
localized from the 


Bf EPILEPSY 


<& 


Epilepsy is characterized by uncontrolled overactivity 
of part or whole of the central nervous system. A 
susceptible person experiences an attack when 
excitability of part or whole of his nervous system 
surpasses a critical threshold value. 

Epilepsy is of three principal types (Figs. 89.3A to C): 

a. Grand mal epilepsy 

b. Petit mal epilepsy 

c. Psychomotor epilepsy. 

Grand mal epilepsy—(tonic-clonic seizure): 

a. In an attack of grand mal epilepsy, there is loss of 
consciousness usually without any premonitory 
symptoms (aura). Next, the tonic phase appears in 
which there is spastic contraction of the muscles 
of the body. This is followed by a clonic phase in 
which contraction and relaxation of muscles lead 
to rhythmic jerking. 

b. A grand mal attack is often associated with tongue- 
bite, difficulty in breathing resulting in cyanosis, 
involuntary passage of urine and feces, etc. The 
attack, which lasts from a few seconds to 4 minutes, 
is usually followed by stupor, extreme fatigue, and 
prolonged sleep. 

c. Inpeople predisposed to epilepsy, hyperventilation, 
loud sounds, flashes of light, and strong emotion are 
some of the factors that may precipitate an epileptic 


attack. 


section 11: Nervous 9 


Figs. 8 
(A) Grand mal epilepsy; 


epilepsy. 
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9.3A to C: EEG recordings of different types of epilepsy 
(B) Petit mal epilepsy; (C) Psychomotor 


d. Spontaneous cessation of the attack, within minutes 
after it begins, is probably due to: 
¢ Fatigue in the neurons 
¢ Activation of inhibitory neurons. 
e. The EEG characteristics are as follows: 
Inthe tonic phase, there is fast and high-voltage 
EEG activity. 
¢ In the clonic phase, slow waves, each preceded 


by a spike, are observed. 
¢ Slow waves persist for some time after the attack. 


. Petit mal epilepsy: 


a. Petit mal epilepsy is characterized by attacks of very 
brief unconsciousness, lasting for 3-30 seconds. 
This may be associated with twitching of muscle, 
e.g. blinking of the eyes. Consciousness is regained 
at the end of the attack and previous activities are 
continued. This is also called absence syndrome. 

b. Petit mal epilepsy usually appears in the later parts 
of childhood. Attacks cease after about 30 years of 
age. 

c. EEG shows typical spike and dome (rounded wave) 
appearance showing a 3/sec pattern. 


. Psychomotor epilepsy: 


a. This type of epilepsy is characterized b) wide- 
ranging manifestations, e.g. brief loss of memory, 
attack of unexplained rage or anxiety, incoherent 
speech or sudden aggression, etc. The person may 
or may not remember the episode. 
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Hlectrical activity in the cortex In response to se 
stimulation ean be recorded in an anesthe 
by placing an exploring electrode 
receiving area and connecting it 
electrode placed ata distance. 


nsory 
tized animal 
Over the cortical 
to an indifferent 


ctrode is placed over the termination 
of the stimulated sensory pathway, a typical wave 
pattern is observed. This includes an initial positive 
wave followed by a small hegative wave and a larger 
positive wave, 

The initial positive and negative waves constitute the 
primary evoked potential and the larger positive wave 
is known as diffuse secondary response, 
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B INTRODUCTION 


i. The study of neurotransmitters and their receptors 
has provided us with greater understanding about 
physiological and pharmacological actions of various 
endogenous and exogenous ligands. More important, it 
has facilitated the formulation of new drugs with fewer 
untoward effects. 

That is why this chapter has been discussed in some 
detail. 

2. Neurotransmitters are chemical substances released at 
the synapses from presynaptic membrane and they act 
on receptors at the postsynaptic membrane, causing a 
change in electrical potential. 

This may ultimately form an action potential and thus 
the electrical impulse of the presynaptic neuron may 
give rise to another electrical impulse which is transmit- 
ted along the postsynaptic neuron (or muscle cell). 

3. Neurotransmitters, chemically, are of several classes: 
a. Acetylcholine. 

b. Amines: Norepinephrine, epinephrine, dopamine, 
serotonin, and histamine. 
c. Amino acid neurotransmitters: 
¢ Excitatory: Glutamate and aspartate. 
¢ Inhibitory: Gamma-aminobutyric acid (GABA) 
and glycine. 
d. Peptides: Substance P, opioid peptides. 


§ RECEPTORS OF NEUROTRANSMITTERS 


They have several characteristic features: 

1. There may be many types and subtypes of receptors 
for a particular neurotransmitter. For example, norepi- 
nephrine acts on a.,, a,, B,, B,, and B,-receptors. 

2. The receptors are located not only on the postsynaptic 
membrane but some may also be present on the 
presynaptic membrane. 


Neurotransmitter. 


—$———————————— LT 


These presynaptic receptors may decrease or increase 
secretion of neurotransmitters through feedbacy 
action. C 


. Receptors are present in high concentration op the 


postsynaptic membrane close to those Presynaptic 
areas e.g. active zones which secrete the corresponding 
neurotransmitter. 


_ If a neurotransmitter remains in contact with the 


receptors for a prolonged period, the receptors are 
desensitized, i.e. their action decreases. (The receptor 
molecules are attached to clathrin and endocytosed -, 
so their number is reduced). This process is known as 
downregulation of receptors. 

Conversely, when neurotransmitter is deficient, 
the receptors increase in number. This is known as 
upregulation of receptors. 


§j REUPTAKE 


1. Neurotransmitters may also be taken up from the 


synaptic cleft into the presynaptic neuron. Active 
transporter systems are involved in this. 

One such transporter system helps in the reuptake ot 
norepinephrine, dopamine, serotonin, GABA, glycine, 
choline, etc. The other transporter system is concerned 
with the reuptake of glutamate. 


. In contrast to these transporters, there are vesicular 


transporter systems present in the vesicles in presynaptic 
neuron. These help in entry of neurotransmitters into 
secretory vesicles before their discharge into the 
synaptic cleft. 

The drug reserpine inhibits the vesicular monoamine 
transporters. This causes depletion of monoamines 
inside the secretory vesicles. So, there |s dearth ol 
neurotransmitters at the synaptic cleft, whic!) explains 
the antihypertensive action of the drug. 
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‘+ gjutamate is exerted on the neurons leading to their hephrine is secreted from sympathetic postganglionic 
ve ‘A nerve-endings. 

_ b Epinephrine-secreting neurons are present in the 

rain, 
grit eT emma (Synthesis, metabolism and actions of these catechol- 
pIVIDUA LNEU amines have been discussed in connection with adrenal 
medulla; see p, 415). 
uetylcholine 2. Both norepinephrine and epinephrine act on a- and 
._Itisthe neurotransmitter secreted at the preganglionic 


B-receptors. a-receptors may be of «, and a, types. 
B-receptors are classified into B. B,, and B, types. 
. Norepinephrine has more pronounced effect on 


serve-endings ofboth sympathetic and parasympathetic 
nervous system, at the postganglionic parasympathetic | 3 
nerve-endings, also at the neuromuscular junction and 


-receptors while epinephrine has a predominant 
many CNS synapses. effect on B-receptors. 
), tsreceptoris principally of two types: (a) Nicotinicand | 4. Both a- and B-receptors are serpentine receptors 


(b) Muscarinic. 

Nicotinic cholinergic receptors are present in: (a) The 
autonomic ganglia, (b) in neuromuscular junction, and Dopamine 
(c)in CNS. 

(a-bungarotoxin blocks the N_ nicotinic receptors at 
neuromuscular junction but has no effect atthe ganglia. | 2 
On the other hand, the drug mecamylamine blocks N,| 3 


nicotinic receptors at the ganglia but has no effect on ent dopaminergic systems. One is called the nigrostria- 


the N receptors at the neuromuscular junction.) tal dopamine system and the other is called mesolimbic 
. Nicotinic cholinergic receptors are formed by five dopamine system. 


subunits which encircle a central ion channel. The | 4. The nigrostriatal system extends from substantia nigra 
channel remains closed in the inactive state. in the midbrain to corpus striatum in the basal ganglia. 


coupled with G-proteins. 


jo 


1. This is another catecholamine neurotransmitter present 
in the synaptic junctions at certain areas of the brain. 

. Dopamine receptors are mainly of five types, D, to D.. 

. Dopamine, as a neurotransmitter, activates two differ- 


to 


The composition of the subunits varies with the type Degeneration of this system produces Parkinson's 
and location of the receptor but usually contains 2c, f, disease (see p. 529). Dopaminergic drugs like L-dopa 
y, and 6 subunits which restore the deficient dopamine, are useful in 

’. When acetylcholine becomes attached to the binding treating this disease. | . 

sites present on a-subunits of the receptor, a confor- | 5. The mesolimbic dopamine system extends from the 
mational change occurs, which results in opening of midbrain to limbic area of the forebrain. Overactivity of 
the channel allowing passaue of Na‘ and other small this system has effects on mood and behavior and is also 
ions, 


implicated in addiction to substances like amphetamine, 
cocaine, alcohol, and even nicotine. Imbalance of 
dopamine in this system may cause schizophrenia—a 
disease involving mood and behavior. This disease is 
treated by D,-blocker drugs and a predictable side-effect 


this results in the formation of EPSP or EPP as the 
“ase may be, and if threshold is reached, this will result 
_Dthe formation of an action potential. _ 
venscarinic receptors are of different varievies: os, is symptoms like Parkinson's disease. 
aT€ Q | » serpentine s\ nee a - 
rece if ve types—M to M.. Mostly, they meee 6. Newer “atypical” antipsychotics have minimal extrapy- 
7 mies o act through ee in, M. is found ramidal side-eflects as they have less activity on striatal 
, | 2P€ Of receptor is present in brain, M, | | 
In ; ; ak is present 
“art, M, is present in the stomach, M, is pr 


> 


—~) 
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Serotonin 
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Serotonin, which is derived from the amino acid 
tryptophan, is another important neurotransmitter, 


- Itis found in the platelets, in the brain and in the 


enterochromaffin cells and myenteric plexus in the 
gastrointestinal tract. 


. Serotonin has numerous receptors, These are classified 


as SHT) to SHT.. Again, SHT,, SHT,, and SHT, groups 
are further subclassified. For example, 5HT, group 
contains SHT,,, SHT,,, and 5HT,,. types of receptors. 
Newer drugs have been evolved with action on specific 
SHT (serotonin) receptors. For example, the drug 
sumatriptan relieves migraine by its selective agonist 
action on SHT , receptor, the drug ondansetron relieves 
nausea and vomiting by its antagonist action on 5HT, 
receptor, the drug mosapride is a gastroprokinetic and it 
prevents gastroesophageal reflux by its selective agonist 
action on SHT, receptor. 


. Use of selective serotonin reuptake inhibitor (SSRI) 


drugs has been mentioned above. 


Histamine 


Li 


Histamine is synthesized by decarboxylation of the 
amino acid histidine. As a neurotransmitter, it is 
distributed widely in brain and spinal cord, stomach 
and the pituitary gland. 


. There are three types of receptors, H,, H,, and H,. H, 


receptor is mainly presynaptic. 


. Histamine is believed to mediate a wide range of CNS 


functions, such as, regulation of blood pressure, water 
intake, pain threshold, sexual behavior, etc. 


. H,-antagonists, in addition to antihistaminic action, 


produce sedation and weight gain on chronic use. 
The drowsiness produced by conventional antiallergic 
drugs are known to all. 


] GLUTAMATE AND ASPARTATE 


1. These are excitatory neurotransmitters, Glutamate is 


involved in 75% of all excitatory transmission in the 
brain. 


2. Glutamate has two types of receptors: 


a. Metabotropic: These are coupled to G-proteins. 

b. Jonotropic: Like nicotinic cholinergic receptors, 
these are ion channels. There are three ionotropic 
receptors—Kainate, AMPA and NMDA. 


3, N-methy] D-aspartate (NMDA) receptors: 


a. These are involved in long-term potentiation, 
learning, and memory. (In long-term potentiation, 
a high frequency stimulation for a short duration 
facilitates transmission of impulses across synapses 
for a prolonged period.) 


> 


Section 11: Nervous System a 


lh), N-methyl D-aspartate receptors are dbund, 
hippocampus. They have following speci, Has i 
¢ ‘They require glycine for activation, A, Mates 
keeps the channel blocked at resting me Bion 
potential even if glutamate binds to jt. Hate 
if the neuron is depolarized through a , EY 6, 


glutamate-sensitive AMPA receptor, i arate 


Mags 

block is removed. Mg 
¢ Now, Ca‘ ions enter in large amounts ; 

5 int 

the neuron. In long-term Potentiation, hic 

ypu IS 


ultimately leads to: 
o Augmented activity of AMPA receptors 
O Migration of more AMPA receptor, 
postsynaptic membrane. 

¢ Additionally, a retrograde signal in the f, 
nitric oxide (NO) or arachidonate is believed 1, 
pass from the postsynaptic to the presynaptic 
neuron, increasing further release of neurotrans. 
mitter. 

¢ All these events result in long-term potentiation 
which, in turn, is involved in learning ang 
memory. 


(0 the 


TM of 


fj GABA AND GLYCINE 


1. Gamma-aminobutyric acid and glycine are inhibitory 
neurotransmitters. GABA is widely present in the brain, 
It is formed by decarboxylation of glutamate. 

2. There are three GABA receptors, GABA "2 GABA,, and 
GABA... GABA, and GABA, are Cl” channels formed by 
five subunits encircling a small pore like the nicotinic 
cholinergic receptor. In contrast, GABA, is coupled to 
G-proteins. 

3. Cl” influx through Cl“ channels leads to hyperpolariza- 
tion of the postsynaptic neuron with formation of IPSP. 

4. Benzodiazepine, a widely used drug with anxiolyuc 
and sedative action, binds to the a-subunit of GABA, 
receptor and increases Cl~ conductance. 

5. Glycine: 

a. When it binds to NMDA receptor, i' 's excitatory: 
However, it has also a direct inhi >itory action 
mediated, like GABA, by a Cl” channic’. 

b. Inhibitory action of glycine is proved by the 
increased muscle excitability and sei «es Pr oduced 
by strychnine, a glycine antagonist. 


Hf OPIOID PEPTIDES 


‘Hye brain and 


1, The drug morphine binds to receptors aa 
called op!0! 


gastrointestinal tract. These receptors «! 
receptors, 

2. Investigations were carried out with a \ 
out the body's own ligands for the morphine 


Ww {O finding 
binding 
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yrs OF opioid receptors. As a result of the ge 


“opti : arch 
evel | peptides have been discovered, which , 


are Called 
ra t e( 
ove ides. 
sppiol’ peptie tides are: (a) Encephali 
OF eopioid pepuces Are: a7 Encephalins, (b) endor- 
. qhes d(C) dynorphins. 


shins. include met-encephali 
pr spatins inc phalin which contains 
: ne and leu-encephalin which contains 


_ 


ethion! 
jeucin® : tides are derived fr 
the opioid peP™ Ived from three main 


srecursors: : 
proencephalin—which gives rise to leu-encephalin, 
] 


ete cephalin, octapeptide, and a heptapeptide. 
proopiomelanocortin—which gives rise to 
ii jen dorphin and other endorphins. 

ss dynorphin—which gives rise to dynorphins and 

neoendorphins. 

sneopioid peptides have three types of receptors (1) 1, 
| nx, a d (3) 5. They are coupled to G-proteins of Gq 
rype and decrease anal 

The p receptor, on activation, augments K* exit from 
alls leading to hyperpolarization while the other two 
rypes of receptors, on activation, close Ca** channels. 
4 aj] the three receptors, on stimulation, produce 

analgesia. Other notable effects include sedation, 

pupillary constriction, constipation, etc. 
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[oTHER POLYPEPTIDES 


|, Apart from the opioid peptides, many other polypep- 
tides can act as neurotransmitters. Substance P, the 
tachykinins, hypophysiotropic hormones, somatosta- 
tin, vasopressin, oxytocin, cholecystokinin, CGRP, and 
neuropeptide Y are some of them, to name a few (see 
below—neuropeptides). 

2, Also, purinergic compounds such as ATP, adenosine, 
and ADP also act as neurotransmitters. 


\itric Oxide and Carbon Monoxide 


|. Nitric oxide is produced by endothelium of blood 
vessels which are dilated by its action. Hence, it is also 
_ known as endothelium-derived relaxing factor (EDRF). 
2. Itis synthesized from arginine, NO synthase acting as 
Catalyst. It acts via guanylyl cyclase with cGMP as the 
second messenger. As it is a gas, it diffuses across the 
’ oe easily to act directly on guanylyl cyclase. 
Us believed to mediate long-term potentiation and 
’ a depression. 
“arbon monoxide (CO), like NO, is another probable 


— neurotransmitter acting through guanylyl! 
Clase, 


Neurotransmitters 


mR | 
ars ar ‘ ell 
Carbon monoxide can influence adaptation of $™ 


ation of 
and also may play a role in hypothalamic regulation 0 


hormones, 


B COTRANSMITTERS 


ie 


There are many instances in which more than 0n© 
neurotransmitter are present in one nerve-ending and 
they are secreted simultaneously in the synaptic cleft. 

Such neurotransmitters together are called cotrans- 
mitters. For example, some cholinergic neurons secrete 
acetylcholine and VIP while some adrenergic neurons 
secrete neuropeptide Y and ATP in addition to norepr” 
nephrine. 


. One unproved theory suggests that when the neuron 


discharges at a lower frequency, there is secretion of 
the small molecule neurotransmitters whereas high 
frequency discharge leads to secretion of the bigger 
polypeptide cotransmitter. 


. Although the exact functional significance of cotrans- 


mitters is not clear, simultaneous secretion of VIP 
potentiates action of acetylcholine. Similarly secreuon 
of neuropeptide Y facilitates action of norepinephrine. 


Retrograde Neurotransmitters 


These are secreted from the postsynaptic neuron and 
they act on receptors at the presynaptic neuron ultimately 
modifying release of neurotransmitters such as GABA or 
glutamate from the presynaptic neuron. 


Examples are endocannabinoids (endocannabinoids 


are endogenous ligands which can act on receptors of 
drugs like marijuana or cannabis) and NO (long-term 
potentiation). 


Neuromodulators/Neuropeptides 


These have the following properties: 


i 
2. 


on 


6, 


These contain 2-40 amino acids. 

They are synthesized in endoplasmic reticulum and 
Golgi apparatus. Then they are carried to axon terminal 
by axonal transport. 


. They are present in dense-core granules and they are 


sometimes secreted together with a neurotransmitter 
(cotransmitter). 


. They may act at sites different from synapses. 
_ They exert their action in much smaller amounts than 


a neurotransmitter. 

They modulate functions of a synapse in a long-term 
action and modify synthesis of neurotransmitters or 
postsyndapue receptors. 
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Cerebral Corte, 
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§ THE CEREBRAL HEMISPHERES Precentral gyrus 


1. The cerebral hemispheres are the two large convoluted 
portions of the brain with a surface area of about 2,200 
cm’. 

2. The surface of the cerebral hemispheres contains 
elevations and depressions. The elevated portions 
are called “gyri” and the depressions are known as 
“sulci” Most of the large surface area of the cerebral 
hemispheres is hidden in the sulci. 

3. The major sulci on the cerebral hemispheres include 
the central sulcus, the lateral (sylvian) sulcus, parieto- 
occipital sulcus and calcarine sulcus. 

4. These sulci divide the cerebral hemispheres into four | Fig. 91.1: Brodmann’s areas of cerebral hemisphere (lateral surface). 
lobes—(i) frontal, (ii) parietal, (iii) temporal, and 
(iv) occipital. 

5. Brodmann divided the cerebral hemispheres into 47 
areas and numbered them. This has been found to 
be very useful for identification of specific areas of 
the cerebral hemispheres. Some important areas are 
mentioned below (Figs. 91.1 and 91.2). 

a. Areas 3, 1, and 2: These are located in the postcentral 
gyrus, just posterior to the central sulcus. This is the 
somatosensory area I (SI). This is cortical sensory 
area for perception of somatosensory and conscious 
proprioceptive sensations. 

b. Areas 5 and 7: These are situated posterior to 
postcentral gyrus in the posterior parietal cortex. 
Inputs of sensory information converge in this area 
from somatic, auditory, visual, and other sensory 


Postcentral gyrus 


Central sulcus 
Lateral sulcus 
| 
| 


Cingulate gyrus | 


Corpus callosum 





Fig. 91.2: Medial surface of cerebral hemisphe 2 
| 


areas, enabling this area to perform its function of d. Areas 6 and 8: These are also known as the premotor 
integration or association. area as it is located anterior to the primary mow! 

c. Area 4: This is the primary motor area. It is located area. It supplies nerve fibers to both pyramidal and 
in the precentral gyrus, immediately in front of the extrapyramidal tracts. Area 8 is called the frontal 
central sulcus. It gives rise to the corticospinal tract eye field and it helps in the conjugate moyemen ol 
and performs motor functions. eyeballs. 
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0. at lobe. Area 17 receives 2 7 i i 
ac is known as aaa Inputs from ° canal gran lar layer: {t\s the outer (more superficial ) 
yon coe este as Yvisual area, Areas OF the two Branular layers, containing many gmall 
sand _ anal in ie , : Soclation areas and pranule Cells, These granule cells have different shapes, 
hey help in 7 ples : ‘coming Visual stimuli, | 3 oe round, triangular or polygonal. 

Areas 4] ana aa ese —_ are present in the - — nal Pyramidal layer: It contains large pyramidal 
emporal lobe and they are responsible fo, auditory on pa cells are increasingly larger in the deeper parts 

1e layer, 


rception. Area is the primary auditory area 4, | | 
and area 4218 au itory association atea. Both these | o a nal granular layer: This layer is histologically 
areas are — for analysis and interpretation of ati ar to the external granular layer and contains 
imull. Crous granule cell 
auditory sul a, ells. 
jrea 44: This 1s situated anterior to area 4 i ' Internal pyramidal layer: This layer is similar to the 
| inferior frontal gyrus. It is called Broca’s speon sane Pyramidal layer. It contains pyramidal cells of 
; arger size than th idal 
area is essential for pr an those found in the external pyramid 
eee 39: These two ion aieeee sei _ Again, the cells are increasingly ca in the 
ee ae y very Ceper parts of the la i lls of Betz 
much separate, are higher association areas. Area are present in this | a Se rae anere 
associati 
22 is the higher asso ation area for hearing while | 6. Fusiform cell layer: This layer contains multipolar 
grea 39 is the higher association area for vision, 


eee and spindle-shaped cells. The cells are oriented 
Lesion in area 39 leads to word blindness perpendicular to the surface. 


due to failure of interpreting written language. Apart from these layers, there are two horizontal bands 
Written language also requires area 22 for proper | CONsisting of transverse fibers. These are called the outer 
interpretation. Lesion in area 22 results in sensory and inner bands of Baillarger. They are present in layers 4 
aphasia (see speech, Fig. 93.2). and 5 respectively. 


‘so 
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| TRUCTURE OF CEREBRAL CORTEX (FIG. 91.3) Hl REGIONAL VARIATIONS IN CEREBRAL CORTEX 


1. Most of the cerebral cortex contains all the six layers 
and this type of cortex is called “isocortex”. However, 
in some parts of the brain especially in the limbic 
lobe, the cortex has only three layers. This is called 
“allocortex’” It is a primitive type of cortex still persisting 
in phylogenetically higher animals and in man. 

. Although the various parts of isocortex have all the six 
layers, there are regional variations in different areas. 
Accordingly, the isocortex has been classified into five 
different types, e.g. frontal type, parietal type, polar 

Layer | type, granular, and agranular types. 

3. In agranular isocortex, as found in the motor area, the 

granule cells are almost totally replaced by pyramidal 


the superficial portion of cerebral hemispheres is called 
erebral cortex. It is 2-4 mm thick. 
The cerebral cortex, on histological grounds, has been 
divided into six layers as follows: 
|. Molecular layer or plexiform layer: This layer contains 
axons, dendrites, and glial cells. . 


1740200409 6604 


Layer II 
boa vv 6 oneosaee, op , cells in layers II and IV, the granular layers. 
4. Conversely, in granular cortex, as found in postcentral 
Layer Ill gyrus and other sensory areas, the pyramidal cells in 


outer band of Baillarger layers III and V are mostly replaced by granule cells. 


Layer IV _— 
B CORTICAL COLUMNS 
inner band of Baillarger | | 
|. The cortical neurons are arranged vertically and these 
Layer V are called cortical columns. Each cortical column 
contains about 10,000 cells and it is about 0.3-0.5 mm 
in diameter. 
Eayet 2. The cylindrically arranged cells in the cortical column 
have the same function and they are the functional 





, units of cerebral cortex. 
Fig. 91,3; Histological structure of cerebral cortex. 
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tensions arising from psychologi 
psychiatric patients. 

Prefrontal lobotomy was also expected to m:; 
patients indifferent to the severe emotiona| ae 
associated with chronic, persistent pain, oil 

So, prefrontal lobotomy was performed surgical 
to relieve patients of intractable pain or to give a y 
to patients with incurable psychiatric illness, on 
It was found that the pain sensation wags Still fe] 
by the patient after prefrontal lobotomy, by; . 
emotional distress was absent and the Patiens 
was indifferent to the pain. Similarly, Psychiatric 
patients also probably obtained relief. ; 
6. But, the unacceptable drawback of the Operation 

was deterioration of social sense in the patien, 

interfering with interpersonal relationships anq 
even toilet habits. 


B. Parietal lobe: 
1. The important areas of this lobe are the postcen. 


tral gyrus containing the primary sensory area (sp. 
matosensory area I), the secondary sensory area 
(somatosensory area II), and the somatosensory 
association area in the posterior part of the parietal 
lobe. 

2. The primary sensory area has been described 
already (vide supra). The secondary sensory area 
(somatosensory area II) lies in the superior wall 
of the sylvian sulcus, lying inferior to the area 
representing the face region in the primary sensory 
area (SI). 

The secondary sensory area (SII) seems to process 
further the sensory information arriving in SI and 
appears to be concerned with learning from sensory 
information in SI. 

3. Two unique types of sensory defects arise due to 


a. Section 11; Nervous System 

3. The adjoining columns may have differing functions 
serving different modalities although they may 
represent the same part of the body. 


cal conflict j, 












B THE LOBES OF THE CEREBRAL HEMISPHERE 


These are: (a) Frontal, (b) parietal, (c) temporal, and 


(a) occipital 
A. Frontal lobe: 
The major areas of this lobe are: 
1. The primary motor area (area 4) 
2. The premotor area (area 6) 
3. Frontal eye field (area 8) 
4 
5 


on 


. Broca’s area (area 44) 


. Prefrontal lobe. 
The first four areas have been described already. 


Prefrontal lobe (Fig. 91.4) 

1. A large part of the frontal lobe lies in front of the 
premotor area. It is called the prefrontal lobe. Its 
function has long been a matter of conjecture. 

2. Previously, it was thought to be the seat of intelli- 
gence as this lobe is highly developed in humans, 
by far the most intelligent living beings. 

3. But studies about prefrontal lobe lesions through 
injuries or otherwise, have revealed that the main 
outcome of such damage was: 

i. Impaired judgment. 

ii. Change in personality with impatience, loss of 
restraint and selfishness. 

iii. Indifference to pain and psychological conflicts. 

iv. Impairment of social sense and also of social 
behavior. 

(Loss of intelligence was not evident) These 

manifestations were typically found in Phineas 

Gage, who had damage to the prefrontal cortex. 


(Actually, a piece of iron pierced through his skull 
damaging the prefrontal lobe). 

Based on the above findings, it was presumed 
that prefrontal lobotomy might remove the acute 


lesions in parietal cortex. These are: 

i. Agnosia: This is inability to perceive a particular 
sensation in spite of the fact that there is nothing 
wrong with the sensory path. 

ii. Neglect: This is characterized by tota! inattention 
to one-half of the body opposite to the side o! 


lesion. The patient may leave one- half of the 

body completely unheeded, e.g. he ‘ay shave 

only one-half of his face or dress on!) sne-half ot 

Prefrontal lobe inn tes dy. | 
acteristic of 





Fig. 91.4: Prefrontal lobe. 


C. Temporal lobe: 
1. This lobe is principally concerned with 


This type of sensory defect is chat: 
lesion of the posterior parietal lobule 


hearing and 


associated functions. It lodges the primary auditory 
area 


area (area 41) and auditory association area ( 
42). 
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<ggBRAL DOMINANCE 


srictly, the two cerebral hemispheres are not 
very sii S structure and function. The functions of 
site alike a speech are inherent in the left cerebral 
ianguage 7 in a great majority of people. So, this is 
yemispher tegorical hemisphere. 

-alied the . right-handed persons, the left cerebral 
) owreales termed the eae : 
hemis tor activities of the dominant rig 

controls the mo 

hand. the word dominant is misleading because 
itp called nondominant hemisphere has 

ihe a , rtant visuospatial functions. So the 

equally sone t and nondominant hemisphere nave 

Saas ‘categorical’ and “representational 
een 

Sead ta manaiiend hemisphere is 

i aie - visuospatial functions, e.g. ability to 
speci 


Cerebral ( Ortey 


FeCORNI ge forms, ete. 


wcjation of 
Also it helps In apprec lA 
Music, 


ada to 
Lesion {n representational hemisphere ee 
'BNOSlA and logs of stereognosis een 
ability to identify an Object by feeling its shape, 
CIC, even when the eyes are closed.) 


re- 
, rT le two ce 
» Apart from these differences of function, th 


al dissimilarities. 
bral hemispheres also have structural dissi oral lobe 
Thus, planum lemporale, an area in the tenon 
oncerned with processing of ee icf cerebral 
ize in the left cere 
related to language, is larger in size int 
hemisphere ral 
eft tempo 
Similarly, in right-handed persons, - ! right frontal 
and occipital lobes are larger whereas the 
lobe is broader, . re 
eres a 
Even chemically, the two cerebral ees al 
dissimilar. The dopamine content in the left nigr 


hat in 
pathway in right-handed persons is greater than t 
the right side. 


Hl PROSOPAGNOSIA 
1. Lesion in the fusiform gyrus in the right temporal lobe 


. “4° = e 
in right-handed persons leads to inability — 
faces. This condition is called prosopagnosia. 


istening 
. The affected persons can recognize people by li 


i onses 
to their voice. They even show caesar — won 
on meeting familiar people but peculiar _ a 
unable to identify them from the appeara 
faces, 
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B INTRODUCTION 


1. Emotion is expressed through some basic behavioral 
responses such as fear, anger, placidity, etc. Some of 
these emotional responses are linked with specific 
areas of the limbic system as can be concluded from 
the results of experimental stimulation or ablation of 
such areas. Thus, 

a. Bilateral ablation of amygdala in Kliiver-Bucy 
animal results in abnormal placidity, fearlessness 
and hypersexuality. 

b. Lesions of amygdala abolish fear sensation. 

c. Rage is produced by stimulation of hypothalamic 
areas. 

. The hypothalamus and cerebral cortex also have 

important roles in emotional expression. 

a. The hypothalamus, a part of the limbic system, brings 
about many involuntary autonomic responses 
associated with emotion. These are due to the effects 
of hypothalamus on various body functions such as 
heart rate, BP, blood flow to muscles, etc. 

b. The cerebral cortex, on the other hand, analyses 
situations and “controls” emotional expression. For 
example, it is the cerebral cortex which suppresses 
a sudden impulse of anger which would be 
inappropriate in the overall context of the situation. 

The prefrontal cortex and the limbic association 
areas are responsible for control over emotion. 


ANATOMY 


1. The limbic system is composed ofa ring of tissue around 
the hilum of cerebral hemispheres along with a few 
other structures, e.g. the hippocampus, septal nuclei, 
amygdala, etc. The hypothalamus, also, is an important 
component of the limbic system (Fig. 92.1). 





The Limbic Syste, 





Retrosplenial cortey 





Parahippocampal gynys 


Subcallosal 


gyrus 
Fig. 92.1: Limbic cortex. 


2. The limbic system was previously called rhinencepha- 


lon due to its wrongly presumed olfactory function. 
But it is now clear that this system has very little true 
olfactory function. 


3. The structure of limbic cortex is significantly different 


from that of the neocortex. Limbic cortex has only three 
layers instead of six, as found in neocortical areas. 

This type of cortex is of a more primitive nature 
and it is called allocortex. In spite of the remarkable 
changes in the brain due to evolution, the limbic lobe 
has retained, even in humans, its primitive structural 
characteristics. 


H CONNECTIONS (PAPEZ CIRCUIT) (FIG. 92.2 


1. The Papez circuit is believed to play 1: important 
role in emotion. The cingulate gyrus ;.‘ticipates In 
emotional experience as it receives va! ous sensory 
emotional inputs via the thalamus and 5» \sory corle® 
The cingulate gyrus projects to the hippow..pus which 
either directly or via the amygdala seis efferen’s t0 
the hypothalamus. Emotional feeling is believed be 
generated in the cingulate gyrus. 





Fi . ; 
Ig. 92.2: Papez Circuit (see text), 


ehypothalamus is presumed to be the effector site for 
notional expression. This appears appr Opriate espe- 
. Jvinview of the close connection of hypothalamus 
‘ain multiple autonomic, involuntary functions of the 
sody, which are Common accompaniments of emotion. 
- spe hypothalamus, in turn, sends efferents to activate 
srterior thalamus which again projects to the cingulate 
crus, thus completing the circuit. This probably rein- 
forces the emotional response in a positive feedback 
fashion. 

. though the cerebral cortex is situated on top of the 
imbic cortex, there is almost no connection between 
he two. That is why the limbic lobe is compared to “a 
horse without a rein” while the cerebral cortex is “the 
rider’ without any control over the limbic lobe. 

: But itis now apparent that although connections are 
few, they undoubtedly exist and the cerebral cortex 
does influence the activities of limbic cortex and vice 
versa. However, unlike voluntary actions executed by 
the cerebral cortex, the emotional functions of limbic 
cortex cannot be initiated voluntarily. 

:. Another notable aspect of limbic function is that the 
emotional responses are prolonged. They persist long 
ater the stimulus has stopped. This is probably due to 
long-lasting afterdischarge, characteristic of neurons 
‘nlimbic system. 


ti 
UVER-BUCY ANIMAL 


" hetwo scientists Kliiver and Bucy performed bilateral 

“poral lobectomy (which also included amy pda la) in 
bee and demonstrated the remarkable emotional 

C om 

) n,_8¢s in the monkeys caused by the operation. 

S¢ animals showed the features of Kluver Bucy 
aR ome which are as follows: 
, \markable docility. 


 “XCessive sexual urge, often mounting ant 
‘ame sex. 


mals of 











oe ee 


Anterior 
thalamus 


Hypothalamus 





C. Visual agnosia. 
d. Forgetfulness. 
€. Compulsive tendency to examine things orally. 


f. Fearlessness, even picking up snakes which nor- 
mally evoke fear in the animal. 


Bl FEAR AND RAGE 


L, 


l. 


Although fear and rage are two distinctly separate 
emotions, these are also closely related to each other. 
Stimulation of hypothalamus can mimic both emotions. 


. The fear response is characterized by a tendency to 


avoid, sweating, dilation of pupils and the animal tries 
to flee. So, it is also called the fleeing or avoidance 
response. 


. On the contrary, the rage reaction is associated with 


hissing, spitting, snarling, dilation of pupils, contraction 
of arrectores pilorum. The animal also tries to attack 
the offender with teeth and claws. This is also called 
the fighting reaction. 


. Although these two emotions appear to be different in 


nature, the fear reaction in a fleeing animal is converted 
to rage when it is trapped or cornered. 


_ The fear reaction is evoked by stimulation of the 


hypothalamus and amygdaloid nuclei. When bilateral 
ablation of amygdala and temporal lobe is performed 
in monkeys, they are no longer afraid of snakes which 
they normally fear very much (vide supra). They even 
try to eat the snakes. 


Various experiments have contirmed the role of 


amygdala in provoking fear and the learning of the fear 


respol Se. 


SHAM RAGI 


This term was coined on the erroneous belief that the 
rage response ii animals sultering trom diencephalic 
and forebrain damage is a purely “physical” response 
without any emotional involvement. 
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2. However, itis now clear that these animals definitely 
dislike the rage response. These animals avoid a place 
Where a rage-producing stimulation is given. This is a 
type of conditioned avoidance response which clearly 
confirms the presence of an unpleasant emotional cortex. 
feeling on the part of the animal, So, these are the so-called “punishment areas” 

3. This proves that the rage response in these animals is 6, Similar experiments performed in epileptic or schi. 
both emotional and physical and not a “sham” purely phrenic humans revealed that stimulation a 
physical response as was previously thought. “reward areas” evoked a relaxed feeling free frorp, , “ 
sion rather than intense joy. i 

Stimulation of the “punishment areas” on the other 
hand, led to sensation of terror and fear. - 

7. It was further observed that the self-stimulatioy of 


5, On the other hand, stimulation of othe, dea, 
the implanted electrode led to distines avoida, . 
responses. These areas include lateral part of ier P 
hypothalamus, dorsal part of midbrain, and entarhin,, 

id 


— 


[ REWARD AND PUNISHMENT SYSTEMS OF THE BRAIN 
AND MOTIVATION 


1. Stimulation of different areas of the brain with implanted 


electrode in an animal showed that stimulation of some 
areas was very much liked by the animal which wanted 
repeated stimulation. Conversely, stimulation of some 
other areas evoked a definite avoidance response. 
. Experimentally, this was demonstrated in an ingenious 
setup where the animal, kept in a box, was provided 
with a lever or bar which, on being pressed by the 
animal, sent an electric current through an electrode 
implanted in a particular area of the brain of the animal. 
. It was found that when the electrode was implanted 
in certain specific areas in the brain, pressing the 
bar was apparently highly pleasurable to the animal 
as evidenced by the fact that the animal went on 
repeatedly pressing the bar at very high frequencies. 
. These areas called “the reward areas” include a band of 
tissue extending from frontal cortex to the tegmentum 
in the midbrain and passing through the hypothalamus. 
The dopaminergic pathway from ventral tegmentum 
to the nucleus accumbens seemed to be specifically 
important in this regard. 


reward areas probably involved stimulation of Postsyn- 
aptic D,-receptors by increased amounts of dopamin. 
particularly in nucleus accumbens. : 

This is supported by the fact that dopaminerg;, 
agents favor self-stimulation whereas drugs blocking 
the postsynaptic D,-receptors decrease this urge. ° 


. All these findings lead to the conclusion that motiya. 


tion in an animal or in man can be brought about by 
stimulation of the reward system. Conversely, stimula. 
tion of the punishment system can decrease or abolish 
motivation. 


. Drug addiction is often a serious problem in this mod- 


ern era. It can be defined as an impulsive urge to take 
a drug repeatedly in spite of its harmful effects. 

Among the common substances abused are 
opiates, amphetamine, alcohol, nicotine, etc. All 
these substances have been shown to raise the 
concentration of dopamine acting on D,-receptors in 
nucleus accumbens, i.e. they exert their addictive action 
through the reward system of the brain. 








rearning and memory are two closely interrelated 
“gttributes related to “higher function” Ay animal or 
more relevantly a man can change its behavior in the 
ight of previous experiences. This new Capability can 
be termed learning. Memory is the Storage of related 
information which can be retrieved later at will. 
) Learning can be (a) nonassociative and (b) associative. 
"4, In nonassociative learning, a single stimulus js 
perceived without any correlation with or influence 
from a second stimulus. Habituation (vide infra) is 
an example of nonassociative learning, 
b. Associative learning is based on the relation of 
one stimulus with another. A good example is the 
conditioned reflex. 


f CONDITIONED REFLEX 


|, This is a reflex response produced by a stimulus which 
normally evokes very little or no response. But, after 
this stimulus (called conditioned stimulus) is applied 
simultaneously (i.e. paired) with a normally effective 
stimulus (called the unconditioned stimulus) a number 
of times, response is elicited by the conditioned 
stimulus alone even in the absence of unconditioned 
stimulus, 
2A typical example of conditioned reflex response is 
Pavlov’s famous experiment in which a bell was rung 
onditioned stimulus) just before a piece of meat 
\unconditioned stimulus) was given to a dog. 
© normal reflex response (innate response) was 
‘alivation in the dog. This was repeated a number of 
limes, After that, when the bell was rung even when 
10 meat was offered, the dog salivated. [his is a condi- 
Uoned reflex response, 


Higher Functions 


ee 


3. Now, if the bell was rung repeatedly without offering 
Meat, the established conditioned reflex response 
gradually diminishes and disappears. This is known as 
extinction. 

4, It should be noted that it is easier to establish a con- 
ditioned reflex response if the reflex effect is either 
pleasant or unpleasant. 

- Conditioned visceral changes, e.g. alteration in heart 
Tate or blood pressure, are known as biofeedback. 
Obviously, they have potential therapeutic significance. 

6. When aconditioned reflex response involves performing 
a task, itis known as operant conditioning. 

As an example, an animal can be taught to press a 
bar or a lever to avoid a painful electric shock. Due to 
the avoiding nature, the above response is known as 
conditioned avoidance response. 


Interhemispheric Transfer of Learning 


The cerebral hemispheres on two sides of the brain are 
connected by corpus callosum. Experimentally, it can be 
proved that interhemispheric transfer of learning can take 
place through the corpus callosum. 

Thus, when an animal is kept blindfolded in one eye 
and learns to perform the task with the other eye kept open, 
it can perform the learnt task even when the previously 
open eye is now blindfolded and the previously blindfolded 
eye is now open. 

One can infer from this that the piece of learning has 
been transferred through the optic chiasma or the corpus 
callosum to the contralateral cerebral cortex. 

Next, the optic chiasma is cut in the midline to prevent 
crossing over of neurons and the experiment repeated. It 
is found that the animal can still perform the learnt task. 

However, the animal tails to perform the learnt task 
when both the optic chiasma and corpus callosum are 
sectioned, i.e. ina “split brain” animal, This indicates that 
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interhemispheric transfer of learning does take place via 
corpus callosum, 

Same findings can be obtained from humans with 
congenitally absent corpus callosum or those with corpus 
callosum sectioned as a therapeutic measure for epilepsy. 

Split brain experiments also prove the existence of 
cerebral lateralization (a term which has replaced the term 
“cerebral dominance” since tasks performed in left and 
right hemispheres are equally important). 

Thus, suitably performed experiments with split-brain 
animals have shown that in a right-handed person, the left 
side of the brain can perform tasks based on language and 
analysis better whereas the right side of the brain can better 
perform visuospatial tasks such as solving 3D puzzles e.g. 
Rubik's cube, reading a map, and even composition of 
music. 


§ MEMORY 


1. Memory can be of two types: (a) Declarative or explicit, 
and (b) reflexive or implicit. 

a. Declarative memory is conscious recall of events, 
surroundings, temporal relations, causes and 
meaning of an experience. 

b. Incontrast, reflexive or implicit memory is concerned 
with habit or skill and it mainly involves motor 
activities of the body. It does not require awareness. 

2. Memory can also be classified as: (a) Short-term 
memory and (b) long-term memory. Some also refer to 
a third type of memory called intermediate long-term 
memory. 

3. Short-term memory lasts for seconds or minutes and 
they are lost unless converted to long-term memories 
through processing in the hippocampus. Long-term 
memory lasts for months and years and may even last 
for whole life. 


§} MOLECULAR MECHANISM OF MEMORY 


1. The physical basis of memory is the changes in the 
strength of synaptic transmission in the involved neural 
pathway. 

2. In short-term memory, the possible mechanisms 
include reverberating neural circuits, presynaptic 
facilitation/inhibition lasting up to minutes or post- 
tetanic potentiation. 

The secreted neurotransmitters lead to transient 
facilitatory or inhibitory change in synaptic transmission 
and this can help in establishment of short-term 
memory. 

3, Intermediate long-term memory: 
a. It lasts up to 3 weeks. The presumed molecular 
mechanism has been demonstrated by an experi- 


ment in Aplysia, 4 type of snail. It work bY pres 
aptic facilitation. yn 
». In the synapse under experiment, in addition , 
the presynaptic and postsynaptic neuron, i y 
ig a third neuron which ends on the presyn, ue 
terminal and it is called the facilitator termina Dtir 
- When there is no stimulus in the facilitator termin 
the synaptic transmission, on repetitive stimulatic, 
showed gradual waning. This is called “habituation” 
and it is due to decreased Ca" entry into the Presyn 
aptic terminal with repeated stimulation, - 
d. Incontrast, when a noxious stimulus enters thro, 
the facilitator terminal concurrently with sens, 
input through the presynaptic neuron, the synaptic 
transmission gradually becomes stronger a,,, 
stronger. This facilitated transmission lasting UD to 
3 weeks is the probable mechanism of intermedjar. 
long-term memory. 
e. The suggested molecular changes are as follows: 
The facilitator terminal, on stimulation, release. 
serotonin — serotonin acts on receptors on the 
presynaptic terminal activating adenylyl cyclase _, 
+ cAMP in the presynaptic terminal phosphorylates 
K* channels through cAMP-dependent protein 
kinase > closure of the K* channels leads to J efflux 
of Kt ions and delayed repolarization — prolonged 
action potential with prolonged entry of Ca~ ions 
leads to increased release of neurotransmitter + 
facilitation of synaptic transmission. 


Ty 


4. Working memory is a type of short-term memory that 


provides information for very short periods while plans 
or deductions based on it are done. 

For example, an unfamiliar telephone number is 
remembered during the period of dialing but forgotten 
as soon as the person stops thinking about it. 


. Long-term memory: 


a. Long-term memory involves synaptic strengthening 
through structural changes which are mediated 
by protein synthesis. This is proved by the fact 
that administration of drugs which block protein 
synthesis, prevents formation of long-term memory. 
b. The structural changes occurring in the process of 
long-term memory include: 
¢ Increase in the number of “active zones” (which 
are the sites in the presynaptic neuron that 
release vesicles containing neurotransmitter), 
facilitating release of neurotransmitter. 

¢ Increase in the number of vesicles containing 
neurotransmitters. 

¢ Increase in the number of presynaptic terminals 

¢ Changes in the structure of dendritic spines 
facilitating synaptic transmission. 





| | erm memory is stored in dif ferent re 

ex. Various Components of the m 
visual, ete. are stored in the COrrespondin 

tical areas Bae a 7 ee i oe by Synaptic 

ci . with facilitatec transmission, hus, there are 

pe eiple cues to stimulate the Memory and anyone 

nl yn can recall the whole event, 

ny al ganglia or in parts of Cerebellum, Thig is 

* based by the fact that lesions in basal Banglia 

aro d development of some habit functions 

preve = lesions in parts of cerebellum disrupted plastic 
oe . in the vestibulo-ocular reflex, which require 
vypenive MEMOTY. 
colidation of short-term explicit me 
o ng-term memory is effected in hip 
ne ° al ablation of ventral hippocam 
ane to form new long-term memo 
 otking memory, remote memory a 
vpemory are ae : 
| ae pathways actively involved in consolidation of 
memory include: 

,, The connections between hippocampus and mam- 
millary bodies through the fornix. Lesions of mam- 
millary bodies in alcoholics are associated with 
memory loss. 

b. The mammillothalamic tract connecting the 
mammillary bodies to the anterior thalamus. 
Lesions of thalamus have been associated with loss 
of recent memory in monkeys. 

c. Nerve pathways project from the thalamus to the 
prefrontal cortex and from there to nucleus basalis 
of Meynert in basal forebrain. From it, cholinergic 
fibers spread diffusely to all parts of neocortex, 
amygdala, and hippocampus. 

Lesions in these areas cause Alzheimer’s disease 
and memory loss. 


. Theintimate relation of the 
S 


BIONS Of the 
SMory, C.R 


Oded 


MOry into 
Pocampus. 
Pus results 
ry although 
nd implicit 


Lo 


amygdala with hippocampus 
gnifies the close association between emotional 
sumuli and memory. It is much easier to remember 


<n event connected with strong emotion but this effect 
of emotion on memo 


ry is lost in bilateral damage to 
émygdala. 
For 4 detailed and updated account of memory, see 
Chapter 102). 
UAIHEIMER’S DISEASE 
|. Albh.: 
neccimer's disease affects middle-aged and elderly 
Dle, 


Memory © patients suffer from marked See 

Patients ron Cognitive impairment. Ultimately me 

Mercy, ciples and without proper care, may develop 
= infections resulting in death. 


Cha 
/ Pter 93, Higher Functions 


And entorhinal cortex of affec ted 

, atrophic changes. Side by side, there is 
SIENificantlose of ¢ holinergic neurons which arise from 
Nuiclere basalis of Meynert and spread to hippocampus, 
“Mygdala, and Various parts of neocortex 


ically, AD shows two abnormal interlinked 


2. Hippoc 


AmMpua 
inclivicy 


als show 


Patholog 
features: 


£ 5 ; ‘ 
a. Presence of extracellular amyloid plaques which 


have a central core of neurotoxic amyloid. This 
B-amyloid is derived from amyloid precursor 
Protein present in the neuronal plasma membrane. 
Amyloid precursor protein gives rise to the 
toxic amyloid variants due to faulty cleavage by 
B-secretase and y-secretase enzymes. Fine threads 
of B-amyloid of the toxic variant with neurotoxic 
Properties aggregate to form the amyloid plaques. 
b. Tau proteins which remain in close association with 
the protein tubulin, are normally present in neurons 
where they stabilize the microtubules. Toxic insults 
from B-amyloid result in hyperphosphorylation of 
tau proteins. This leads to: 
i. Formation of intracellular neurofibrillary tangles. 
The altered tau protein forms intertwined, helical 
paired filaments aggregating into the cell- 
damaging neurofibrillary tangles. 


il. Disintegration of microtubules which are in- 
sttumental in axonal transport. This ultimately 
results in neuronal death. 

Treatment 


Drugs to treat AD cause only temporary improvement. 
They cannot halt the relentless progress of the disease. 


Two classes of drugs are frequently used to treat this 

disease: 

1. Drugs that increase acetylcholine level in the brain 
preventing destruction of 


e.g. donepezil. 


2. Drugs interfering with the NMDA glutamate receptors 
which prevent glutamate toxicity, e.g. Memantine. 

3. Antioxidants like vitamin E and and-intlammatory 
agents like aspirin are of some value in treating this 
disease. 


by 
acetylcholine at the synapses, 


B LANGUAGE 


1, Language may be defined as 
by means of symbols, audit 
be of two types: 


a form of cCOmmMUNIcation 


ory and visual. Thus, it may 


a. Spoken language 
b. Written language 





Broca's area —* 
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Arcuate fasciculus 





CP 


Fig. 93.1: Areas concerned with language function, 


2. The brain areas concerned with language function are 

(Fig. 93.1): 

a. Wernicke’s area: This is situated at the posterior end 
of superior temporal gyrus. This area is necessary 
for understanding both auditory and visual 
information. It is essential for interpretation of the 
meaning of visual and auditory inputs. 

b. Broca’s area: It is situated in the frontal lobe in front 
of the lower end of the motor cortex (area 44). This 
area is connected to Wernicke’s area via arcuate 
fasciculus. 

Broca’s area receives information from Wernicke’s 
area and processes speech in the form of motor 
programs which are transmitted to the motor cortex 
via an area in the insula specialized for articulation of 
words. The motor cortex then transmits commands 
to the organs of articulation, e.g. larynx, tongue and 
lips, and speech is produced. 

c. Angular gyrus: This is situated posterior to Wernicke’s 
area. This area processes written information 
obtained from visuopsychic area in such a manner 
that it can be converted to its auditory equivalent in 
the Wernicke’s area. 

. Aphasias: Defect in language function in the presence 

of intact vision, hearing and articulating function of 

words is called aphasia. 

It may be of several types: 

a. Nonfluent aphasia: Here, the lesion involves Broca’s 
area. Speech is scanty. 

b. Fluent aphasia: The lesion is in Wernicke’s area. 
Speech is normal if not excessive. Too many words 
are spoken without any sense or meaning. Under- 
standing of spoken or written words is also ham- 
pered. 
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Fig. 93.2: Pathway stimulated sequentially during reading loudly 


c. Conduction aphasia: Here, the patient is able ;, 
speak without difficulty and comprehensigy A 
audible words is also good but there is defec; in 
forming the words. This is probably due to lesion j, 
the arcuate fasciculus. 

d. Anomic aphasia: Damage to the angular gyry, 
results in failure to understand written language 
or pictures although comprehension of auditor, 
information and speech are intact. 

e. Global aphasia: Here, the lesion is widespread 
involving both Broca’s and Wernicke’s areas. As a 
result, there are defects both in comprehension 
and expression of speech. This type of aphasia is, 
therefore, known as global aphasia. 


. Pathway stimulated sequentially during reading 


loudly (Fig. 93.2): Primary visual cortex (area 17) is 
stimulated by the visual pathway with signals coming 
from the retina via the optic nerve, the optic tract, lateral 
geniculate body and optic radiation — visuopsychic 
area (area 18) is stimulated next — this, in turn, 
stimulates angular gyrus (area 39) which processes 
visual information from written words and transmits 
it to Wernicke’s area > Wernicke’s area, in turn, 
comprehends the meaning of visual input, transforms it 
to its auditory equivalent and transmits the information 
to Broca’s area via the arcuate fasciculus — Brocas 
area processes the information received into specific 
patterns of motor programs to be transmitted to the 
motor cortex via an area in the insula — articulatory 
movements of lips, tongue and larynx with production 
of speech. 
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; Write short notes on: 
. Bell Magendie's law 
> Wallerian degeneration 
3 Saltatory conduction 
4 Neuroglia 
5 Phantom limb 
5 Weber-Fechner law 
7. Crossed extensor reflex 
3 Inverse stretch reflex 
2. Clasp knife spasticity 
‘0. Mass reflex 
'1. Fast and slow pain 
'2 Syringomyelia 
'3. Referred pain 
'4. Pain-inhibiting mechanisms 
‘9. UMN and LMN lesion 
'6. Parkinson’s disease 
'7. Decerebrate rigidity 
18. EEG waves 
19 REM and NREM sleep 
20. Speech 
a Papez circuit 
> Sham 
—— animal 
“SAaitioned reflex 
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Explain why 


VAP ing Neuro 


| N DEgiNs at the ini nt 
AP is factor in beg the initial segrne 


bi id myelinated nerve 
V COaCtivation helps in keeping the muscles 
SENSitive to Stretch 
St | 
ae etch may lead to relaxation of muscle 
. aplegic Patients often scratch the inside of thigh 
; to INitiate micturition. 
; aocated anesthesia is found in syringomyelia. 
‘ ve pain may be felt at the neck 
. ae the painful area often relieves the pain. 
7 ae Person may have increased auditory power 
swsw S0re May occur in paraplegic patients in complete 
Cord transection. 
1. Patients with cerebellar disorder may have intention 
tremor. 
12. Patients with subthalamic lesion may show ballism/ 
hemiballismus. 
13. Decerebrate rigidity occurs in midcollicular transec- 
tion. 
14. Drugs antagonizing prostaglandin relieve fever. 
15. Weight loss by dieting is often temporary. 


D. Multiple choice questions: 


1. A propagating nerve impulse is initiated from: 
a. Node of Ranvier 
b. Axon hillock and initial segment 
c. Cell body 
d. Dendritic tree 
2. Phagocytic cells of central nervous system are: 
a. Oligodendrocyte —_-b. Microglia 
c. Ependymal cell d. Schwann cell 
3. Correct statement about EPSP is: 
a. Shows all-or-none response 
b. Self-propagating 
c. Proportional to amount of neurotransmitter 
released by presynaptic neuron 
d. Caused by Cr influx 
4. lonic basis of IPSP is: 
a. Cl efflux 
b. K* efflux 
c. Na’ influx 
d. Ca‘ influx 
5. Inhibition by Renshaw cel! invo ves: 
3. Feedforward inhibition 
b. Feedback inhibition 
c. Direct inhibition 
d. None of the above 


6. Mechanism of presynaptic facilitation Is: 
a, Prolonged Opening of potassium channels 
b. Prolonged Opening of chloride channels 
c. Reduced opening of sodium channels 
d. Prolonged opening of calcium channels 
7, In the brain, feedforward inhibition occurs in: 
a. Basal ganglia b. Cerebellum 
c. Thalamus d. Hypothalamus 
8. One of the circumventricular organs is: 
a. Anterior pituitary b, Posterior pituitary 
c. Temporal lobe d. None of the above 
9. Which of the following receptor senses moderate 
cold? 
a, CMR-1 b. VR-1 
c. VRL-1 d. None of the above 
10. Normal sensation as felt painful in: 
a. Hyperalgesia b. Causalgia 
c. Allodynia d. None of the above 
11. Touch is processed in Brodmann’s area: 
a. 1,2 
b. 44,45 
c. 4,6 
d. 17, 18,19 
12. Which law states that the spinal cord dorsal root is 
sensory and ventral root is motor? 
a. Weber-Fechner law 
b. Bell-Magendie law 
c. Frank-Starling’s law 
d. Law of projection 
13.Which of the following occurs when anterior 
cerebellum is destroyed in a derecerebrate animal? 
a. Decrease in rigidity 
b. Increased rigidity via alpha motor neurons 
c. Increased rigidity via reticulospinal tract 
d. No change in muscle tone 
14. Which of the following is an excitatory neuron in 
cerebellar cortex? 
a. Purkinje cell 
b. Golgi cell 
c. Granule cell 
d. Stellate cell 
15. Which of the following is a part of Papez circuit? 
a. Pulvinar 
b. VPL nucleus of thalamus 
c. Midline nucleus of thalamus 
d. Nucleus of anterior thalamus 
16. Circadian rhythm involves: 
a, Suprachiasmatic nucleus 
b. Supraoptic nucleus 
c. Ventromedial nucleus 
d. Paraventricular nucleus 





17, Damage to categorical hemisphere dogs Not ¢, 
Use 


loss of: | 
a. Understanding of printed words 
b, Language 

c, Writing ability 

d, Appreciation of music 


MCQs Answers 


1, Ans. B, Initiation of nerve impulse (propagateg a 
potential) occurs at axon hillock and initial segmen a 
this area contains large number of ion channels. — 
propagated synaptic potentials (EPSP and |p> 
produced at dendritic tree or cell body. 

2. Ans. B. In CNS, microglia are the phagocytic cell 
Ependymal cells line the CSF-containing ventyij., 
whereas oligodendrocytes myelinate neurons inside CNe 

3. Ans. C. EPSP is a graded potential formed at sh. 
postsynaptic membrane. It varies with the amount of 
neurotransmitter released by the presynaptic Neuron 
into synaptic cleft. An action potential is Self propagating 
and shows all-or-none response. CI influx causes IPSp 

4. Ans. B. K* efflux from postsynaptic neuron Calisec 
hyperpolarization which leads to IPSP. Example j, 
the action of GABA on GABA, receptor in Presynaptic 
membrane during presynaptic inhibition. IPSP aj<, 
occurs due to CI influx. 

5. Ans. B. Renshaw cell inhibits the anterior horn cali 
which synapses with it via a collateral that arises from 
the anterior horn cell itself. So, it is a type of feedback 
inhibition. A typical example of feedforward inhibition 
is inhibition of Purkinje cell by granule cell via basket or 
stellate cell. 

6. Ans. D. In presynaptic facilitation, serotonin secreted at 
synaptic cleft by presynaptic neuron, ultimately closes K° 
channels in presynaptic neuron. The decreased K" efflux 
leads to depolarization and increased open time of Ca~ 
channels. The increased Ca** influx causes the facilitatory 
response. 

7. Ans. B. A typical example of feedforward inhibition in 
the cerebellum is inhibition of Purkinje ce!! by granule 
cell via basket or stellate cell. 

8. Ans. B. Circumventricular organs are posterior pituitary, 
area postrema, subfornical organ, organum vasculosum 
of lamina terminalis. These areas are outside blood-brain 
barrier, 

9. Ans. A. CMR-1 or cold and menthol receptor senses 
moderate noxious cold. Vanilloid or capsaicin receptor 
VR1 and VRL1 mediate noxious heat. All these receptors 
are categorized as pain receptors. 

10. Ans. C. Perception of normal innocuous 
painful is called allodynia. Hyperalgesia i: 
perception of pain in response to mild pair stimulus. 
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pine EVE (FIG. 94.1) 


me structures of the eye are arranged in three | 
is, From outside inwards, they are: 


Visual axis 


ayers or 






0a a Anterior Cornea 
._ Outer coat, consisting of sclera and cornea. chamber tsi ela 
4, The middle coat, called the uvea or vascular coat, my Ciliary body 
inner coat, formed by the retina. | 
c Themne 7 Lens ——“ \\Y___ Suspensory 
Choroid ligament 
f ThE CORNEA / Posterior chamber 
; , Retina Jf] containing vitreous 
+ This is the transparent anteriormost part of the outer @ 
coat. The cornea consists of the following layers from oe ———— Fovea centralis 
outside inwards: Optic 


|. The epithelium—which is noncornified. 
2, The Bowman’s membrane. 


Fig. 94.1: Structures in the eveball. 
3, The stroma. J y 
4, The Descemet’s membrane. . 
; and water follow the HCO. ions and the cornea is kept 
5. The endothelium, : 


dehydrated and transparent. 
Cornea is transparent because 
L, Avascular A THE SCLERA 
2. Parallel] disposition of stromal fibers 


3 . The tough and white portion of the outer coat posterior to 
_ Dehydrating mechanism removes moisture 


the cornea is called sclera. 


* Thestroma consists mainly of collagen tibers of uniform a 
diameter arranged in the form of sheets parallel to the Bl THE MIDDLE Co: 


Surface, The middle coat is called the uveal tract or vascular coat. It 
* The cornea is transparent mainly due (o three reasons: | consists of three parts: 
L, The cornea is avascular. a. The part lying most antel lorly is the iris, 
' “7€ stroma has fibers of highly uniform diameter, |, The part lying ‘ost posteriorly is the choroid which 
densely packed in parallel rows. constitutes about Wwo-thirds of the vascular coat, 
"Normal cornea contains 77% water. increased water | © [np between teins ind the choroid lies the ciliary body, 


“ontent tends to make the cornea smoky. This 5 

7 oe by a dehydrating mechanism present in | yHE jR\s 

l C endo i 
—— INis iiehie ore . hich pumps HCO, 1. The iris is the opaque, pigmented membrane lying in 
tom Sola HCO, pump which | - Nat front of the lens. the iris divides the space 

© Corneal endothelium into aqueous humor. Na 


wa 


between 


__ 580 | oo ws sa = oe — - 


the cornea and the lens into two compartments the 
anterior chamber and the posterior chamber, which 
communicate with each other through the pupil 
which is an aperture in the iris located in its center. 

> The iris contains two different smooth muscles, the 
dilator pupillae and the sphincter pupillae. 

3. The fibers of the dilator pupillae are arranged radially 
and their contraction dilates the pupil. 

Dilator pupillae is supplied by sympathetic nerves. 
So, sympathetic stimulation causes pupillary dilation. 

4. In contrast, the fibers of constrictor pupillae are 
disposed in a circular fashion. On contraction, they 
constrict the pupils. 

They are supplied by parasympathetic nerves coming 
from Edinger-Westphal nucleus of the 3rd nerve. 
So, parasympathetic stimulation causes pupillary 
constriction. 

5. a. The diameter of the pupil normally varies between 

3mm and 4mm. 

b. The pupil serves the important function of 
controlling the amount of light falling on the retina. 
For example, it constricts in bright light but dilates 
in the dark. 

c. Also, pupillary constriction increases the depth of 
focus, which allows rays of light from an object to be 
focussed on the retina even when the distance of the 
object from the eye varies considerably. 

d. Pupil, when constricted, reduces spherical 
aberration by limiting passage of light only through 
the central part of the lens. (Spherical aberration 
is a defect due to passage of light rays through the 
peripheral part of a lens as these rays of light are 
focussed away from the common focal point). 

6. The color of the iris depends on the amount of pigment 
in it. When the amount of pigment is very high, the iris 
looks black. When amount of pigment is low, the iris 
looks blue whereas an intermediate amount of pigment 
gives rise to brown color of the iris. 

Albinos have no pigmentin the iris which looks pink 
due to underlying blood vessels. 


B CILIARY BODY 


It is a thick band of highly vascular tissue situated between 
the iris in front and choroid behind. It is important for two 
reasons: 

1. It contains two groups of ciliary muscle which, on 
contraction, decrease the tension of the suspensory 
ligaments. (The suspensory ligaments, 70-80 in 
number, are attached around the edge of the lens and 
they suspend the Jens from the ciliary body. When the 
ciliary muscles are relaxed, the suspensory ligaments 
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are taut and they strongly stretch the leng whick 
becomes flat.) Loosening of the suspensory ligameny, 
on contraction of ciliary muscles removes the stretch ‘i 
the lens which now bulges anteriorly with an increase 3 
its anterior curvature—SO essential for accommodation 
(see p. 585). 

) The ciliary processes of the ciliary body secrete aquegy, 
humor into the posterior chamber. 


B CHOROID 


It is a pigmented, highly vascular layer of tissue lying 
posteriorly between sclera and retina. 


Bj AQUEOUS HUMOR 


The anterior and posterior chambers in front of the lens are 
filled with a watery fluid called aqueous humor. 
Circulation of aqueous humor is as follows (Fig. 94.2): 
Secreted by ciliary processes of the ciliary body into the 
posterior chamber — enters the anterior chamber through 
the pupillary aperture > drained through the iridocormeal 
angle into the canal of Schlemm via a network of trabecular 
spaces. Finally it reaches the anterior ciliary veins. 


Functions 


1, Aqueous humor is responsible for the shape and 
intraocular tension of the eyeball. 

2. Itsupplies nutrients to the cornea and lens and removes 
waste products from them. 


GLAUCOMA 


The normal intraocular tension is about 12-20 mm Hg. If 
secretion of aqueous humor exceeds its drainage (removal), 
intraocular tension rises, which may exacerbate glaucoma, 
a degenerative condition of the eye. 






Ciliary body 


Canal of Schlemm 


Suspensory 


ligament Iris 


Cornea 
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Fig. 94.2: Circulation of aqueous humor, 
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ho on and it is occluded by the iris when the 
}}e 


aijated. » d b ° 
. adrenergic drugs, carbonic anhydrase inhibitors 


jy reducing secretion of aqueous humor) and 
-polinergic agents (by : ecreasing congestion of angle) 
nay bring some relief in this condition, 


a RYSTALLINE LENS 


 Thisis a biconvex lens made up of transparent collagen 

l. sets situated between the posterior chamber in front 
jnd vitreous humor behind. 

» jthas the highest refractive index (1.4) ofall the different 

” refractive layers present in the eye. 

;, Thelensis surrounded by a highly elastic capsule. When 
the suspensory ligaments attached to the capsule of the 
lens are taut, the lens becomes flat. 

4 Butwhen the suspensory ligaments are loose, as occurs 
following contraction of ciliary muscles, the lens 
bulges into a more spherical shape. Its dioptric power 
increases and this is how accommodation is possible 
(see p. 585). 

5. Opacification of the lens, usually seen in old age, is 
known as cataract. In relatively younger persons, cata- 
ract may be caused by disease like diabetes mellitus. 
The condition is treated by surgical removal of the lens 

aidimplantation of an artificial intraocular lens or by using 

“igh power biconvex lenses in spectacles. 


[VITREOUS HUMOR 


‘s4gel-like substance that fills the space between the lens 
od the retina, 


UTHERETINA (FIG. 94,3) 


The. | 
: etna consists of various types of cells arranged In ten 
ae Which from outside inwards are as follows: 

Pigment epithelium, (2) layer of rods and cones, 


os ‘limiting membrane, (4) outer nuclear layer which 
ae the nuclei of rods and cones, (5) outer plexiform 
4 — nner nuclear layer, (7) inne! plexiform _ 
hin ‘- nerve fibers, an 
10); Blion cell layer, (9) layer of optic nelv' fibers 


fee 
nner limiting membrane. 
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Plamart apithetiuen 


Layer of rade and cones 


Qutar limiting membrane 
Outer nuclear layer 


Outer plegiform layer 
Horizontal call 
Inniar nuclear layer 


Amacrine call 


Inrier plexiform layer 


Ganglion call layer 


Optic nerve fibers 





—— Inner limiting membrane 


Fig. 94,3: Layers of the retina. 


A. Pigment epithelium: 

l. The pigment epithelium contains the black pigment 
melanin which absorbs light rays and prevents 
their reflection within the eye. The pigment cells 
send processes between the outer segments of 
photoreceptors and prevent lateral! dispersion of 
light rays between the photoreceptors. This enables 
the retina to produce a sharp, distinct image. 

2. In albinos, who have melanin deficiency, light rays 
are reflected in many different directions within 
the eye, producing a diffuse image when exposed 
to bright light. 

As such, their visual acuity (see p. 597) falls to as 
low as 6/60 in spite of all corrective measures. 

3. The pigment cells phagocytose the outer segments 
of rods that are degenerating. 

4. Pigment epithelium stores vitamin A in large 
amounts. Vitamin A is the precursor of photopig- 
ments which are essential for night vision. 

5. Pigment epithelium receives its blood supply from 
choroidal blood vessels which are also the main 
source of blood supply to the outer layers of the 
retina, especially the photoreceptors. 

In retinal detachment, where the pigment 
epithelium is separated trum the other layers of 
retina, blood IppLy LO the photoreceptor layer 
is compromised. Although blood supply from 

branches of the central retinal artery and diffusion 
of nutrients across the plane of detachment can 


sustain the outer layers of retina for some days, 


permanent retinal damage occurs if this state is 
allowed tu continue for tong 

so, the retina should be surgically repaired without 
delay to prevent ttselt {rom being degenerated. 
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segment 
Nucleus 
Synaptic zone 


Cone 
Fig. 94.4: Photoreceptors of the eye. 


B. Structure of rods and cones (Fig. 94.4): 

1. Usually the rods are long and slender whereas the 
cones have conical shape. 

However, this is not always true as foveal cones 
are slender. 

2. Arod or a cone has four different parts, e.g. (a) 
outer segment, (b) inner segment, (c) nucleus, and 
(d) synaptic zone. 

3. Outer segment: 

a. This contains the light-sensitive pigments— 
rhodopsin in case of rods and one of the three 
color pigments in case of cones. 

b. The outer segment consists of a large number of 
disks piled one over another. 

In the cones, disks are infoldings of cell 
membrane but in the rods, the disks are separate 
from cell membrane. 

c. The photopigments, which are actually proteins, 
are impregnated in the disk membranes. 

4. Inner segment: It contains the various intracellular 
organelles particularly the mitochondria. 

5. Nucleus and synaptic zone: These two parts of photo 
receptors lie internal to outer limiting membrane. 
The nuclei of the photoreceptors constitute the outer 
nuclear layer. The synaptic zone forms synapses 
with cells of the next layer, i.e. the horizontal and 
bipolar cells, in the outer plexiform layer. 


Note: Apart from ganglion cells connected to rods and 
cones, there is another type of ganglion cell containing 
the pigment melanopsin. These ganglion cells sense 
brightness of light. They mediate the light reflexes as well 
as circadian rhythm (through their connections with 
suprachiasmatic nucleus). 


C. The outer limiting membrane is formed by Miiller 
cells which form tight junctions with inner segment 
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of photoreceptors. The Miller cells are responsih),. 
for maintaining the surface orientation of the retina. 
essential for accurate interpretation of the visual image 

The inner limiting membrane also contains Miilley 
cells. 


D, The inner nuclear layer contains the bipolar cells, the 
horizontal cells, the amacrine cells and interplexiforry 
cells. 

The bipolar and horizontal cells form synapses With 
rods and cones in the outer plexiform layer while the 
inner plexiform layer contains the synaptic connection; 
between bipolar and amacrine cells on one hand ang 
ganglion cells on the other. 

E. Fovea centralis: 

1. Light enters into the eye through the cornea 
aqueous humor, the lens, and vitreous humor and 
then has to cross all the inner layers of the retina 
to ultimately reach the rods and cones, which are 
the photoreceptor cells. This should diminish visya] 
acuity significantly. 

2. However, the retina has a small, centrally located 
area Called fovea centralis, which has the following 
features: 

a. It consists entirely of cones which increase the 
acuity of vision of this region to a great extent 
as the cones are especially adapted for acute, 
detailed vision. 

b. The blood vessels and inner layers of retina at 
this site are pushed aside so that light passes 
unhindered to the cones. 

c. Usually a number of cones converge on a single 
bipolar cell and a number of bipolar cells 
converge on a single ganglion cell. But, in this 
region, a single cone synapses with a single 
bipolar cell which again synapses with a single 
ganglion cell. This arrangement further increases 
the visual acuity. 

d. When attention is focussed on a particular object, 
the eye is moved to such a position that light rays 
from the object fall directly on the fovea. !his also 
helps in increasing visual acuity. All these \sique 
features of fovea centralis help in inc: -sing 
acuity of vision. 

Features of fovea centralis 

1. Highest visual acuity 

2. Composed exclusively by cones 

3. Blood vessels pushed aside 

4. 1:1 synapse between ganglion, bipolar, anc (0- 

receptor cells 

F. Blind spot: It is a photoreceptor-free area on the na 
where the optic nerve fibers leave the retina. [hes lore, 
part of the visual image falling on this part of (hy 1 ns 
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the pecause of the compensatory action Of the other 
»pecades 
JC 
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when oer tea: It is a yellowish, Pigmented are 
_ yacula ole of the eye. It indicates | 
. poster ais. This part of the retina h 
c 


| representation. So, even after lo 


a at the 
he Position of 
asa very wide 


cr 


t 
fovea 


a Calized Cortical 
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Gard macula sparing. 
ca 
yyCTION OF RODS AND CONES 

[f 


re concerned with (a) bright light visio 

cones sail (c) color vision. 

vision, cones have high visual acuity but they have lower 
Sas and hence they respond Poorly to dim light. 

ight a is hand, rods have low visual acuity but they 

On ee light sensitivity and so they show good response 

have Mpt *'o 

ain Toht. , 

9 dim = dark, therefore, the rods are mainly responsible 
ae but since they have Poor visual acuity, vision in 

for V1 . 

ne dark is indistinct. 

he - ther difference between rods and cones is that 
e are involved in color vision whereas rods have no 

con 

such function. 


n, (b) acuity 


ixplanation 


Rods have much greater convergence to ganglion cells 
han cones. For example, about 100 rods converge to a 
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Single BANgliON ce 


eo most 
I| Whereas only a few cones at th 
COnVerpe 


loone BANgliOn cell. 


: ected 
In the fovea centralis, each ganglion cell is conn 


(0 one Cone. The receptive field of thie ganglion cell at the 
fovea hag a diameter of 9 tI. | P 
In eontrast, a ganglion cell located in the peripnee 
retina is Connected to q large number of rods and thus, ; ° 
receptive field Of such a ganglion cell is much larger and i 
May have a diameter of about | mm. | 4 
Due to the very small receptive field of a ganglion ‘s 
Connected to only a few cones at the most, it can sense the 


Smallest details in the field of vision. This explains the high 
Visual acuity of cones. 


In contrast, a 
ofrods in th 
field and s 
Vision. In 

Ag 
recept 
depol 


8anglion cell connected toa large number 
€ peripheral field of vision, has a large a Ppe 
0 it cannot detect minute details in the field o 
other words, visual acuity of rods is poor. | 
ain, due to high convergence, small changes in 
Or potential in the rods can summate to onae 
arization large enough to excite the any 
8anglion cell. That is one reason why rods can respon ae 
dim light which causes small changes in receptor potenti ; 
In contrast, as a few cones converge on a ganglion cell, 
large changes in receptor potential caused only by bright 
light, can stimulate the connected ganglion cell. ’ 
Moreover, rods have much greater amounts O 
photopigments. This helps rods to be capable of dim ai 
vision. In bright light, rods are inactive because bright ligh 
rod pigments. 
ree ieasicaicaaan are sensitive to different areas 
of light spectrum. So cones can discriminate between 
different colors and this enables color vision. 
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B INTRODUCTION 


A. l. 


The eye is composed of several refractive media. 

These are: 

a. The cornea with a refractive index of 1.38. 

b. The aqueous humor which has a refractive index 
of 1.33. 

c. The lens having a refractive index of 1.4. 


d. The vitreous humor which has a refractive index 
of 1.34. 


. Thus, the light rays are refracted at the interfaces 


between: 

a. Air and anterior surface of cornea. 

b. Posterior surface of cornea and aqueous humor. 
c. Aqueous humor and anterior surface of the lens. 
d. Posterior surface of the lens and vitreous humor. 


. The lens in the eye is a biconvex lens. Parallel rays 


are converged by a biconvex lens to a focal point 
behind the lens. Focal length of the lens is the 


distance of this point from the optical center of the 
lens. 


. We measure the power ofa lens in terms of “diopter” 


The relationship between power in diopter and 
focal length is: 

Power (in diopter) = 1/focal length in meter. 

Thus, a biconvex lens with a focal length of 10 cm 
has a power of +10 diopters. 


B. “Reduced eye” (Fig. 95.1) 
To simplify the complex refractive processes taking 
place in multiple refractive layers in the eye, one single 
refracting surface has been conceived to replace all the 
refractive media added together. This simplified and 
schematic representation of the eye is known as the 
“reduced eye” or “schematic eye”. 


The imaginary single spherical refracting surface is 


situated 1.4 mm deep to the cornea and it has a radius 
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Fig. 95.1: Reduced eye or schematic eye. N is the nodal point 
17 mm in front of the retina. 


of 5.6 mm. Its nodal point, which is the center of the 
spherical refracting surface, lies 17 mm in front of the 
retina. 

Length of the eyeball = 1.4 + 5.6 + 17 = 24 mm. 

Since, the rays of light passing through the single 
spherical refracting surface are focussed on the retina, 
focal length of reduced eye is the distance between the 
nodal point or center of the refracting surface and the 
retina, i.e. 17 mm. 

Because focal length of reduced eye = 17 mm, its 
refractive power = 1000/17 = 59 diopters. 


. 1. Itis to be noted that the maximum refractive power 


in the eye is provided by the cornea and not by the 
lens, as one may tend to think. 
This is because the air-corneal interface has the 
maximum difference in refractive index, the 
refractive index of air being only 1.0. 

2. The refractive power of lens is reduced to only 


20 diopters as it is surrounded by media having 
high refractive index (e.g. aqueous hurr with a 
refractive index of 1.33). 

3. However, the importance of crystalline (ens lies 
in the fact that it enables the eye \ pertorm 
accommodation—the mechanism !0) !ocusing 
images on the retina of objects close to | ic eye (see 


below). 
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_ he process of focusing Objects clos 
Tt she retina by increasing the dioptric 
mr alline lens. 
ns evoung adults, the lens, when flat, normal 
nth sive power of 20 diopters. But, by the pr 
ne dation, this can be increased to 34 
a 


n addition of 14 diopters. 
a 


vechanism of accommodation: 


The lens is surrounded by an elastic Capsule. If the 
a. ‘ens is fully relaxed, It assumes a spherical Shape 
owing to the elasticity of lens Capsule, 

», The lens is suspended from the ciliary 

| suspensory ligaments, which, at rest, a 
exert strong pull on the lens. As a resy] 
lens is flat. 

<. However, the ciliary body contains cilia 
which has two divisions—(a) meridional 
(b) circular fibers. 

Contraction of both groups of these smooth 
muscles pulls the ciliary body closer to the lens 
and this reduces the tension on the suspensory 
ligaments. 

So, now, the lens becomes relaxed, more spheri- 
cal, its dioptric power increases and accommoda- 
tion is possible as the lens can now converge light 
rays coming from a nearby object on the retina. 

d. The ciliary muscles are innervated by parasympa- 
thetic nerves which come along the 3rd nerve from 
Edinger-Westphal nucleus. 

So, accommodation reaction is brought about 
by the parasympathetic nerves. 

©. Iwo other components of accommodation reaction 


are miosis (constriction of pupil) and convergence 
of the visual axes. 
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LPURKINJE~SANSON IMAGES 
4 dark room, if a lighted candle is held in front of the 
Yewith the pupil dilated, four images of the candle are 


: . . ‘ 
me at the eye. These are known as Purki nje-Sanson 
bes, 


The first ima 


. € produced by the anterior surface of 


ofthe Cor € brightest, erect image. The pt rsterior elas 
mage) a Produces a similar but faint image kseeon 
the len, Ose to the first image. The anterior surface O 

» Produces the largest, erect image (third image) 
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, Picea the eye ¢ hanges its gaze from the distance to 
MY Object, the large third image produced by the 

“Merlor surface of the lens becomes smaller. Since 4 

awe Image is produced by increase in corrvexity, this 


iste that the curvature of the anterior surface of the lenis 
Ncreases during accommodation. 


H PREsByopia 


1. Whereas in the young adults, the lens has an accorm- 
modation power of 14 diopters, around 45 years of age, 
this decreases to only about 2 diopters. 

This is because by this age, the lens becomes bigger, 
thicker, and relatively inelastic. So, the power of 
accommodation dependent on adjustment of lens 
Curvature is almost lost. 

- As a result of this lack of accommodation, the near 
point (see below) recedes in a person with presbyopia 
and he feels difficulty in near vision such as, reading 
a book. Distant vision which requires very little 
accommodation, is unaffected. 

The condition is treated by the use of a biconvex lens 
for near vision, often incorporated in the lower part of a 
bifocal lens whose upper part maintains distant vision. 


i OTHER ERRORS OF REFRACTION 
Hypermetropia (Figs. 95.2A and B) 


1. In this condition, the eyeball is short or the refractive 
power of the lens is weak. 

As a result, parallel rays of light coming from a 
distance are focussed on a point behind the retina, 
when the ciliary muscles are relaxed. 

So, the eye has to accommodate to focus even distant 
objects on the retina. 

This poses a constant strain on the eye muscles and 
headache is a common complaint. 

2. Accommodation ol nearby objects is still more difficult 
and near point (the nearmost point which the 
can focus on retina with maximum 
recedes or Moves away from the eve. 

3. Hypermetropia can be corrected by use of conve 
in front of the eye. [hese lenses converge the li 


eye 
accommodation) 


x lenses 


ght rays 
on the retina, thereby rectifying the condition. 


Myopia (Figs. 


1. In this condition, the eyeball is long or the refractive 


power of the lens is excessive. 
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Figs. 95.3A and B: (A) Myopia; (B) Corrected by concave lens. 


So, parallel rays of light coming from a distance are 
focussed on a point in front of the retina. 

Therefore, distant vision is blurred. However, there is 
usually no problem with near vision as the degree of 
accommodation required for near vision is actually 
diminished. So, near point is closer to the eye than 
normal. 

In contrast, the far point, which is at infinity in a 
normal eye, is reduced to a definite lower value. (Far 
point is the farthest point that the eye can focus on the 
retina without any accommodation.) 


. The defect is corrected by using concave lenses in front 


of the eye. These lenses diverge the incoming rays of 
light, which are now focused on the retina. 


Astigmatism 


1. 


ND 


This is a condition where the refractive surface of the 
cornea (or rarely of the lens) has varying curvatures in 
two planes at right angles to each other. 


. As a result of refraction through curved surfaces like 


this, rays of light from a point source do not converge 
to a common focal point. This leads to blurring of the 
visual image. 


. This is corrected by using cylindrical lenses oriented 


in specific angles. This converges the rays of light from 
an object, which pass through the two perpendicular 
planes of varying curvatures, into a single image. 


Bf FIELD OF VISION 


a 


ra 


The part of the external world seen by one eye with the 
other eye closed, is called the field of vision of that eye. 
Normally, our field of vision is restricted above by 
the orbital margin to an angle of 60°, medially also 
to 60° by the bridge of the nose, below to 70° by the 


malar prominence but laterally the field of vision j, 
unrestricted, making an angle of 100°, i-e. it extends 
even 10° behind the vertical plane passing laterally. (Aj) 
angles are measured from visual axis). 

3. Field of vision can be measured by perimetry. However 
Bjerrum screen is used for accurate measurement of the 
inner part of visual field. 

4. Examples of visual field defects are scotomas observed 
in glaucoma, in which various characteristic types of 
field defects can be detected. “Tubular” field of vision in 
which the field of vision is narrowed to a tubular shape, 
is characteristic of glaucoma. 

Lesions in optic nerve pathway can produce visual 
field defects such as homonymous (symmetrical; left or 
right-sided) or heteronymous (binasal or bitemporal) 
hemianopia (loss of one-half of field of vision) (See 
visual pathway, p. 591). 

Blind spot is a physiological gap in field of vision 
(see p. 582). 


Mf BINOCULAR VISION 


The fields of vision of the two eyes overlap centrally. Both 
eyes are used while observing an object located in this 
common field of vision. Hence, this type of vision is called 
binocular vision. 


Bf DEPTH PERCEPTION 


Depth or distance of an object can be assesse:! \ the eye 
in the following ways: 


a. If the length of the object is known, the ey: 1 gauze 
its distance from the size of its image in the in. The 
size of the image varies inversely as the dis. of the 


object. The eye perceives the size of the +4 in the 












retina co 
aan the actual length of the obj 
bewncse bremaner the distance of the Biece 4 
leak aman the distance of an object b 
‘eons pen ante of nearby objects in the 
ose of distant objects when 


the head moves. Thi 
; S te aae 
assess distance. parallax is utilized by the eye to 
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c. In binocular vision, dist 
centrally in the retina, closer to 
nearby objects produce images mor 
retina and away from the fovea. 

This helps the eye in calc 
of nearby objects. This 
through binocular vision is 






ant objects produce images 
the fovea whereas 


e laterally in the 


especially 


ulating distance, 
f distance 


type of assessment O 
known as stereopsis. 
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Bf PHOTOCHEMICAL CHANGES IN THE RETINA 


:. 


The photoreceptors, i.e. the rods and the cones have 
photosensitive pigments, which are structurally nearly 
alike 


. The rods contain the pigment called rhodopsin which 


is a mixture of the protein scotopsin and the aldehyde 
retinene. 


. On the other hand, the cones have a pigment which 


is a mixture of the protein photopsin and the same 
aldehyde retinene. The nature of photopsin varies in 
the three types of cones—blue, green, and red. 


. Now, in the dark, the retinene in rhodopsin is in the 


11-cis form, Le. 11-cis retinene. 


. At this point, production of “dark current” should be 


discussed (Figs. 96.1A and B). 

a. In the dark, the resting membrane potential (RMP) 
of photoreceptors is -40 mV unlike other neural 
receptors where the RMP is about -70 to -80 mV. 
This is due to “dark current”. 

b. In the dark, the Na* channels in the outer segment 
of photoreceptors are open as they bind with cGMP. 
So, Na’ enters into the cell decreasing the RMP. 

c. Meanwhile, Na” ions are continuously pumped by 
Na*-K--ATPase from the inner segment to the cell 
exterior to maintain intracellular Na’ concentration. 

d. Thus, in the dark, there is a continuous flow of Na” 
ions from the cell interior to the cell exterior and 
from there, again, into the cell interior. 

This is how “dark current” is produced. 

In the dark, as the Na’ channels in the outer seg- 
ment are open, entry of Na’ into the photoreceptors 
leads to depolarization of the cell. This depolariza- 
tion reaches the synaptic terminal! where it causes 
opening of Ca’ channels. The resultant Ca” influx 


causes release of glutamate from the synaptic zone. | 


Photochemistry 


ee a 





Figs. 96.1A and B: Photochemical changes in the photoreceptors. 
(A) In the dark, RMP is about -40 mV due to “dark current” (cGMP 
binds with Na* channels and keeps them open); (B) !n light, loss of 
cGMP leads to closed Na* channels and hyperpolarization. 

(R = retinene; T = transducin; C = cGMP phosphodiesterase) 


6. As light falls on the retina, the 11-cis retinene is con- 
verted to all-trans retinene. This conformation! change 
with the formation of metarhodopsin II leads tv a cas- 
cade of changes ultimately resulting in the io rmation 


of an action potential in the ganglion cell, wh) 0 is con- 
veyed to the occipital cortex via the latera! ».iculate 
body (LGB). 

7. The chain of reactions, briefly, is as follows \s light 
strikes the retina, 11-cis retinene is conver’. / (v all 
trans retinene. This results in conversion o! |) .dops!f 


to metarhodopsin IJ which activates the (. )rotein 
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transducin. This G protein (transducin) 


own é -MIP phosphodiesterase which breaks down 


vvates > 
“GMP. ais cGMP binds with Na®* channels in the 

Norm, this keeps these channels in the open state 
gark ae of cGMP in presence of light (due to the 
with f -GMP phosphodiesterase), the Na* channels 
{ction ater segment of photoreceptors are closed 
Nav entry into the photoreceptors stops. But Na’ 


nue to be pumped out by Na’*-K*-ATPase 
jons 


orn the inner segment of photoreceptors. This 


— hyperpolarization of photoreceptors. So, the 
an otran smitter glutamate normally released to the 
ne f cells is decreased in quantity. This results 


next layer 0 : 
activation of bipolar and other cells of next layer 
l 


‘hrough local, graded potential. 
yltimately, an action potential is formed in the 


ganglion cell. 

One point is to be remembered here that electrical 
activity passes from photoreceptors to bipolar cells 
and horizontal cells and then from these cells of the 
second layer to ganglion cells only through local, graded 
potential and not by action potential. Action potential 
.< formed only from the ganglion cell onwards. 

This is very important because this allows only graded 
response to influence ganglion cell and not all-or-none 
effect as in action potential. 

The advantage of graded response is that the response 
of ganglion cell will be proportionate to stimulus 


intensity, i.e. intensity of light. 


on 


Sei OF PHOTOPIGMENTS AND ROLE 
OF VITAMIN A 


|. We have seen that rods contain the photopigment 
rhodopsin which is a combination of the protein 
scotopsin and the aldehyde 11-cis retinene. As light 
strikes the rods, 11-cis retinene is converted to all-trans 
retinene. In consequence, rhodopsin is converted first 
to bathorhodopsin, then to lumirhodopsin, then to 
metarhodopsin I, then to metarhodopsin II, and finally 
becomes split into scotopsin and all-trans retinene. 
Metarhodopsin II triggers the electrochemical changes, 
ultimately producing the action potential in ganglion 
cell (see above). 

- All-trans retinene is converted back to 11-cis reunene 


IO 


'n two separate pathways, paving the way for rhodopsin | 


resynthesis. 


ee 
=e 


I | ae ee 
= n the first pathway, all-trans retinene Is directly | 
nverted back to 11-cis retinene, catalyzed by the | 


enzym ; 
€ retinene isomerase. 
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’ 
In the second pathway. all-trans retinene ** firs 
osm of 


converted into all-trans retinol (which is oP© é 
vitamin A). All-trans retinol is then converted to Il 
cis retinol by isomerase enzyme. 1} -cts retinol 's — 
converted to I 1-cis retinene which, on combinaoe 
with scotopsin, regenerates rhodopsin. 

This shows that vitamin A plays an importan® 
rhodopsin resynthesis. 


rote im 


8 NIGHT BLINDNESS 


1. 


. Itis to be noted that night blindness 


Night blindness occurs in vitamin A deficiency: We 
have seen that vitamin A plays an important role in the 
resynthesis of 11-cis retinene and rhodopsim Therefore. 
in vitamin A deficiency, rhodopsin content of rods 1s 
markedly diminished. As normal rhodopsin content of 
rods is essential for night vision, vitamin A defiicgency 
leads to night blindness. 
occurs only after 
prolonged deficiency of vitamin A, since this vitamin ts 
stored in the body in large amount. Night blindness ts 
particularly common in poverty-stricken : 
population and it can be effectively prevented Dy oral 
administration of vitamin A in high doses- 


CENTER-SURROUND ANTAGONISM OF RECEPTIVE FIELDS 
(FIG. 96.2) 


E: 


1 


. Thus, the receptive field of an “on-center™ bipolar 


The bipolar and ganglion cells have 2 special property in 
that stimulation of central and peripheral parts of their 
receptive fields have opposite effects on their activity. 
cell 
has a central area which on stimulation by light excites 
the cell, whereas, the surrounding peripheral area, on 
stimulation by light, inhibits the cell 


_ In contrast, in an “off-center” bipolar cell, simuladton 


of the central area of receptive field inhibits the cell 
whereas stimulation of the peripheral area of recepave 
field stimulates the cell. 


_ The basis of this center-surround antagonism is partiy 


explained by connection of bipolar cells with pen pheral 
photoreceptors through horizontal cells which are 
always inhibitory. So, whereas the bipolar cells are 
directly stimulated by cones in the central area of 
receptive field, they are at the same time inhibited by 
cones in the peripheral area of receptive ftleld due = 
the inhibiting activity of horizontal cells. Therefore, the 
center and the periphery behave in the opposite way 
(Fig. 96.2). ; 
The second probable cause of this f 5 ames ; ; 
inhibition” is the presence oa — ccte a | iiflerai 

o | -fosely situated 
and hyperpolarizing bipolar cells which 
ise to light stimuli 


depolanzing 


give opposite re spa 


cm 


s 
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OO | ae canedath f contrast illumination, for e,,, 
tye 


ee ee ‘ | - ut, in case O 
“ , senter-s agonismisto | 8. But 
6. The importance ofthe center-surround antag nt on the center and shade in the surround, ;. 


' ‘ 
Ntraj 


, lig 
sharpen the areas of contrast through this mechanism a be | 
ican inhibition g excitation Is made even more prominent by absence... 
an igi ee yund inhibition. " 
>. In an “on-center” cell, when both the center and sur- ey 1 how contrast is enhanced by cente 
round are illuminated, central “excitation” is antago- . , re eT SUTTON nd 
nized by inhibition from surround (Fig. 96.2). =e 
" — at eat rue Note: The on-center bipolar cell is stimulated wher 
illuminated center light falls on the central part of its receptive field. On yp, 


contrary, the off-center bipolar cell is stimulated when no, 
light falls on the central part of its receptive field. 

How can one explain this? The probable answe, ie 
as follows: Both on-center and off-center bipolar Cells 
have glutamate receptors, but they are of two differen; 
types—metabotropic which are inhibitory and presen, 
in on-center bipolar cell. Receptors of the other type ar. 


ionotropic which are excitatory and present in off-center 
Horizontal cell bipolar cell. 
a 


As stated above, in on-center bipolar cell, the 
glutamate receptors are metabotropic and they inhibit 






on-center bipolar cells in response to glutamate by 
closing Na* channels. 

Now, when light falls on the central part of receptive 
field of on-center bipolar cell, the photoreceptors are 
hyperpolarized causing less release of glutamate. So, 
in absence of glutamate, there is less inhibition of on- 


center bipolar cells as Na* channels in the bipolar cells 
now remain open causing Na* influx. Thus, they are 
stimulated. 

Ganglion cell Conversely, when light rays do not fall on the central 
part of receptive field of off-center bipolar cell, the 


Bipolar cell 





photoreceptors are depolarized with increased release 
of glutamate. This glutamate acts on excitatory ionotropic 
glutamate receptors of off-center bipolar cells and 
Fig. 96.2: Illumination of both center and surround: Cones in the | stimulates them. 
surround (peripheral receptive field i i een Pe Laan Hi 
eal which hibit ecriaar mes in ie ae fall eee ae _ _—_ — _ 
s on the central part of its receptive field. |: contrast, 


also hyperpolarize and they directly stimulate bipolar cells. The . ; 
two effects cancel each other. So, frequency of action potential in an off-center bipolar cell * stimulated when no ‘ight falls 
ganglion cell is low in absence of contrast illumination. on the central part of its receptive field. 
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yuo OF VISUAL PATHWAY F16 97, 


, The optic nerve from each eye runs backwar 
: medially after emerging from the retina, 
» The two optic nerves meet each other 
: chiasma. The fibers from the nasal half of each eye cross 
over to the opposite side in the optic chiasma and join 
the contralateral optic tract which arises from the optic 

chiasma. 

3, Incontrast, the fibers of the temporal half of each retina 
run on the same side and continue in ipsilateral optic 
rat i 

4, Thus, the optic tract of one side contains fibers of nasal 
half of opposite side and fibers of temporal half of same == ~ 3 
side. 

5. Here, it may be mentioned that fibers of nasal half 
of retina are responsible for temporal half of field of ar 
vision. Similarly, fibers of temporal half of retina are 
responsible for nasal half of field of vision. 

6. So, ifthe optic tract is damaged on right side, there will 7 
be loss of left temporal half and right nasal half of field : f 


» f 5 
of Vision. This is known as left-sided homonymous ' \ Y @ @ 
hemianopia (loss of left halves of viswia! fields of both . TA t-§ 


10, In the lateral geniculate body, there is point-to-point 
ds and overlapping of cells with identical retinal fields in all layers 
So that a perpendicular line passing through the layers 

at the optic touches cells with the same visual field in all the layers. 





— 


2 


7 


Ce®O 
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eyes), ( \\ 
;, Similarly, damage of the left optic tract will result in : | 
right-sided homonymous hemianopia (ss of left nasal 


half and right temporal half of field of vision), i.e. loss el 

fright halves of visual fields of both eyes ) oy . © © 7 
* “OSt of the fibers of the optic tract end in lateral | nO 4 

beniculate body in the thalamus. However, some fibers 4 

optic tract 80 to the pretectal nucleus ini (he midbrain 

' mediate light reflex, Fig. 97.1: Visual pathway Lesions at different sites are numbered and 
Cells of the lateral geniculate body are divided in SIX | the corresponding visual held defects are shown on the right side. 

ayers, Layers 1,4, and 6 receive Inputhiom nasal libers |» optic nery : | dg of optic chiasma, 3 » two ends of 

0 “ontralateral retina whereas layers 2 , and o contain | optic chlasma, +» OpuC LACH 3, 7 > optic radiation, 6 Meyer's 


‘ ; , att i , / »WACUTA 
“terminations of temporal fibers of ipsilateral retina, | loop, 7 7" 


‘ 
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V1. Another p Point to note is that the lateral geniculate body 

receives afferent fibers from visual cortex as well as from 

other parts of brain, constituting as much as 80% of its 
total input of incoming fibers. ‘Ihe corticofugal fibers 
appear to play an important role in visual processing. 

. Layers 1 and 2 of the lateral geniculate body are called 

magnocellular as they contain large cells while layers 

3-6 are called parvocellular as they contain cells of 

small size. 

3. Fibers from the lateral geniculate body run backwards 

to the visual cortex. These constitute the optic radiation 

which consists of a magnocellular and a parvocellular 
pathway. 

. The magnocellular pathway projecting from layers 

1 and 2 of the lateral geniculate body is concerned 

mainly with detection of movement, flicker, and depth 

of image. 

. In contrast, the parvocellular pathway arising from 

layers 3-6 is concerned with accurate spatial detail of 

image and color perception. 

. The fibers of the optic radiation are divided into upper 

and lower divisions. The upper division passes through 

the parietal lobe and carries information from the 
upper half of the retina responsible for lower half of 
field of vision. 

. Incontrast, the lower division of optic radiation known 

as the Meyer’s loop passes through the temporal lobe 

and carries information from the lower half of retina 
responsible for the upper half of field of vision. 

. The fibers of the optic radiation end in the primary 
visual cortex. Fibers from the macula end in the 
occipital pole and occupy a relatively large portion of 
the visual cortex compared to its small size in the retina. 
So, a small focal lesion in this part of visual cortex does 
not impair macular vision. This is known as “macular 
sparing’. 

. Apart from the optic radiation, which is also called the 
geniculocalcarine tract and which carries fibers from 
lateral geniculate body to the visual cortex, fibers of 
visual pathway go to other destinations. Thus— 

a. Fibers also pass from the optic tract to the supra- 
chiasmatic nucleus of the hypothalamus, mediat- 
ing probably circadian rhythms synchronized with 
light-dark cycle. 

b. Fibers pass to the pretectal nucleus, forming part of 
the light reflex pathway. 

c. Fibers go to the superior colliculi to control fast 
directional movements of the eyeballs. 

d. Fibers also go to the ventral portion of the lateral 
geniculate body and from there to other parts of the 
brain probably exerting influence on some aspects 
of body behavior. 


Lesion at the central part of the optic chiasma: [je 


These pathways are phylogenetically Older 4, 


sometimes more developed in more primitive anim, ss 


Effects of lesions of various parts of visual Pathway 


(Fig. 97.1) | 
_ Damage of one optic nerve: Blindness of the 


Affe, ter 
eye. 


Strije 
tion of fibers of nasal halves of both retinas c,,. 


bitemporal hemianopia. 
Example: This occurs in pituitary tumor compressing 
on the central parts of optic chiasma. 


_ Lesion on lateral sides of the optic chiasma (both si¢ és) 


Binasal hemianopia. 


_ Lesion of the optic tract: Homonymous hemianopiz of 


the opposite side (as explained above). 


_ Lesion of the optic radiation: Lesion of the UDper or 


lower division of optic radiation leads to loss of vision ;, 
one-fourth (one-quarter) of visual field symmetrica)}. 
in both eyes. This is known as homonymous quadrap. 
tanopia. 


. Damage to the occipital cortex: 


a. Ifcomplete and unilateral: Homonymous hemiano- 
pia of the opposite side. 

b. If small and incomplete: Scotoma (localized fielg 
defect). 

c. Macula, due to its large representation at the cortex, 
often escapes. This is known as “macular sparing’ 


Bf VISION AT CORTICAL LEVEL 


. The optic radiation terminates in the primary visual 


cortex. Just as the lateral geniculate body has a point-to- 
point representation of the whole retina via the ganglion 
cells, similarly the primary visual cortex receives a 
point-to-point representation of the retina from the 
lateral geniculate body. 


. The axons of the magnocellular pathway of opt 


radiation end in layer 4Ca of primary visual cortex. [he 
layer 4Cb receives most of the axons of parvocellular 
pathway, whereas layers 2 and 3 receive the axons from 
interlaminar region. 


. Blobs, which are collections of cells in layers 2 and 5, 


about 0.2 mm in diameter, are concerned with color 


vision. Parvocellular pathway ending in deep layers of 


4C also contributes to color vision. 


. Neurons in layer 4 of visual cortex, like the ga! lion cells 


and the LGB (lateral geniculate body) neurons, show 
“on-center” and “inhibitory surround’ 0! off-center 


and “stimulatory surround” receptive fields (center 
surround antagonism). | 

. ‘These are especially stimulated by a bar of 3 '€ which 

| rounding 


stimulates the center, but spares the su 
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12. 


_ Inthe complex cell, which is as 


. Because of such finer processin 


portion, However, these Neurons ar 

or lines oriented at any angle = 
In neurons of the next order, th 
In the simple cell, which i 
the neuron is stimulated o 
oriented at a particular an 


stimulated by bars 


response is different, 
os — order neuron 

When the bar or line j . 

or li 

- ne is 
till higher order neuron, 
ensitivity, Le. it is stimu- 
18 orlented at a particular 
IN a particular direction. 
when movement occurs 


the neuron shows direction s 
lated when the linear stimulus 
angle and shows movement 
The neuron is not stimulated 
in the opposite direction. 


g of visual information, 
c mplex cells (a still higher 
feature detectors” 


simple, complex, and hyperco 
order of neuron) are called 


. Ifa perpendicular section of the visual cortex is exam- 


ined, it will be found that the “orientation preferences” 


eestor intron ee 
ve columns, therefore, are called 
orientation columns” 

The orientation columns are about 1 mm in diameter. 
The adjacent columns show gradual, small changes in 
orientation preference by about 5-10° and in this way, 
they represent the full 360° of the receptive field of 
ganglion cells. 

Thus, for every ganglion cell, there is a set of orientation 
columns to respond to the orientation of the stimulus. 
Thus, orientation of stimulus is detected. 

The cortical columns of neurons are arranged in 
another special way. The LGB neurons and the cortical 
neurons in layer 4 receive input from one eye only. The 
two eyes are represented side-by-side in the cortex in 
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14. 


15. 


16. 


, By injecting a special dye in one eye, these 


—————— = F - 


“ 
thoee are called “ocular 
separate alternate columns, (hese are called 0 


dominance columns": 

columns can 
be demonstrated in the primary visual cortex which 
shows typically striped appearance (alternate zones 
of stained and unstained cortex representing ocular 
dominance columns of two eyes lying side-by-side). 
The higher cortical neurons receive inputs from both 
eyes in varying degrees and utilize this combined 
information for image perception. 

Thus, the cortical neurons— 

a. Subserve color vision 

b. Enable binocular vision 

c. Detect form and orientation. 

The magnocellular (M) and parvocellular (P) pathways 
do not just end in the visual cortex. [hey are further 
projected to other cortical areas. 

Thus, the P pathway, concerned with form and color 
not only involves 3rd-6th layers of lateral 
Cb of striate cortex, but it 
19 of Brodmann) and the 


perception, 
geniculate body and layer 4 
is also projected to V4 (area 


inferotemporal area. a 
Similarly, the M pathway, concerned with visual 


depiction of motion, includes layers 1 and 2 of lateral 
geniculate nucleus and layers 4B and 4Ca of striate 
cortex. In addition to this, this pathway is further 
projected to medial temporal and medial superior 
temporal areas and area 7 of parietal cortex. 

Itis believed that perceptions from these two diverse 
pathways undergo fusion or synchronization to form 
the final visual image. 
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Miscellaneous Topics 
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B COLOR VISION 


] 


i) 


~J) 


- We can see the different colors when light rays of wave- 


lengths between 397 nm and 723 nm stimulate our 
cones. 


- Our cones are of three types depending upon the nature 


of color-sensitive pigment that they contain. 


. There are three types of color pigments in the cone— 


cyanolabe, chlorolabe, and erythrolabe, responsible for 
sensing blue, green, and red color, respectively. 


. The blue, green, and red cones are most sensitive 


to lights of wavelength of 430, 535, and 575 nm, 
respectively (Fig. 98.1). 


- Any type of color sensation can be produced by 


stimulation of blue, green, and red cones in proper 
proportion. So, these colors are called primary colors. 


. For example, orange color is perceived when red, green, 


and blue cones are stimulated in a ratio of 99:42:0. 
Yellow is produced by a similar ratio of 83:83:0. 


. Amixture ofall three primary colors in equal proportion 


gives the sensation of white. 


. This theory of color vision is known as Young-Helmholtz 


theory of color vision or “trichromacy theory of color 
vision’: 


. Ihe opponent process theory of color vision deals with 


color processing in ganglion cell level. This theory 
proposes three pairs of colors which stimulate specific 
ganglion cells called opponent color ganglion cells in 
opposite fashion. 

These three pairs of colors are red and green, blue 
and yellow, and black and white. Thus, a red-green 
opponent cell is stimulated by red cone in an opposite 
direction to a green cone. So, the opponent cell 
responds to the difference in stimulation between red 
and green cones. 


Light absorption 


10. 


Green Red 
cone cone 
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cone 
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Fig. 98.1: Absorption spectrum of blue, green, and red cones. 


Similarly, the blue-yellow opponent cell responds to 
the difference in stimulation between blue cones and 
the average of red and green cones. One should note 
that there is no yellow cone but yellow color is perceived 
when both red and green cones are equally stii:ulated. 

The black-white opponent processing e\;resses 

luminance rather than any particular color. 
This differential stimulation of the oppone: color 
cells by different cone inputs is transmitted to higher 
centers and ultimately helps in achieving colo: vision. 
This theory is supported by the occurrence of 0)) )unent 
color afterimages. For example, if one looks in) ly al 
a red surface for some time and then transle!s > gaze 
to a white surface, he will temporarily obsery. ree? 
alterimage for sometime. 
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1o the white surface, the green cones 
orinhibited by the opponent red con 
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gRBLINDNESS 


ious facts about color blindness are further 


. -_ tive evidences of Young-Helmholtz trichromatic 


cheory: aks 
- people with normal color sensitivity are trichromats as 


hey have three types of cones. 


- come trichromats may have one weak cone system, 
~ hich is expressed by the suffix-anomaly, For example, 


4 


_ 
ve 


6. 


d, 


”, 


1(), 


1] 


" 


13 


protanomaly indicates weakness of red cones, deu- 
eranomaly indicates weakness of green cones and 
sitanomaly indicates weakness of blue cones, 

These people have weakness in perception of the 
corresponding color. 
Dichromats have one missing or absent cone system 
and they are expressed with the suffix “-anopia” with 
respect to the absent cone system. 
Thus, absence of red, green, and blue cone systems is 
known as protanopia, deuteranopia, and tritanopia, 
respectively. 
Dichromats have difficulty in color vision to a significant 
degree, but they try to make it up by mixing inputs from 
the two unaffected cone systems. 
Monochromats have only one functioning cone system. 
They try to perceive color from variation of stimulus 
intensity in their solitary cone system. 

Some variation in sensitivity to red color is seen in 
normal humans. This is attributed to the variable amino 
acid composition in the red cone opsin (presence of 
either serine or alanine at position 16). 

Color blindness is mostly inherited gesietically. Lesion 
N Cortical area V,, also may contribute. . 
Of the various types of color blindness affecting 8% of 
Beneral population, tritanopia and tritanomaly are rare. 


o% of males are dichromats having deuteranopla or 


Protanopia. 


“remaining 6% are trichromats having protanomaly 
Or deuteranomaly, This is inherited through an X-linked 
| cessive gene, similartohemophilia, = 
| “or blindness can be easily detected by Ishihara charts 
of irs different shapes, usually numbers, ~~ H 
ne ; mee Spots are placed against a backgroun< | 

any similar colored spots in such a mannel that a 
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COlor- 
blind person will not be able to decipher the 


hurr | 
" — OF he will gee it differently fromm what 4 person 
‘Normal color vision will gee. 


BPURKINE sit 


l, : 
Brightness Of color or maximum luminosity depends 


partly on the wavelength of light. The phenomenon of 
Purkinje shift ig based on this. 


- When light fades in the evening in a garden with flowers 


of different colors, it can be observed that the red 
llowers turn black in fading light but the blue flowers 
still appear brightly colored. This phenomenon is called 
Purkinje shift or Purkinje phenomenon. 


- This so happens because, in low light intensity (scotopic 


Vision) the maximum luminosity shifts to 505 mu 
(blue-green part of the spectrum) from a maximum 
luminosity at 550 my (yellow-green part of the 
spectrum which is more towards red) observed in bright 
light (photopic vision). Therefore, as light fades in the 
evening (scotopic vision), the blue flowers still maintain 
their luminosity but the red flowers lose brightness and 
appear black. 


fl REFLEXES OF THE EYE 


The two important reflexes are (Fig. 98.2): 
1. Light reflex 
2. Accommodation reflex. 


Light Reflex 


1. When a beam of light is focussed on one eye, the pupil 


constricts. This is called direct light reflex. 


. There is also simultaneous constriction of pupil in 


the other eye (not exposed to light). This is called 
consensual light retlex. 


. Path: Retina > optic nerve > optic tract through optic 


chiasma —> some fibers arising from each optic tract 
enter the midbrain and end in the superior colliculus 
and pretectal area + fibers trom these areas called 
colliculonuclear fibers pass to the Edinger-Westphal 
nucleus — preganglionic parasympathetic fibers arise 
Westphal nucleus to end in the ciliary 

igauiglionic fibers supply the sphincter 


from Eding: 
ganglion -> |) 
pupillae 

So, light wiidung the retina ultimately causes 
stimulation ol sphineter pupillae causing pupillary 
CONSTICHOT 


tract pass to pretectal area and 
Edinger 


| uucleus of both sides, consensual 


light refles (pupillary constriction of the other eye) 


OCCULS Sit usly with direct light retlex. 


Optic nerve 
Optic chiasma — 


1 = Light reflex 
2 — Accommodation reflex 


Fig. 98.2: Pathways of light reflex and accommodation reflex. 


B FUNCTIONS 


1. The light reflex regulates amount of light entering the 
eye. 

2. It is an important clinical sign helping to diagnose 
conditions like head injury, encephalitis, intracranial 
tumors, cerebral edema, etc. 


Accommodation Reflex 


When a subject tries to look at a nearby object, (like reading 
a book), three changes occur constituting the accommoda- 
tion reflex or reaction. These are: 
1. Constriction of the pupil. 
2. Convergence of the eyes. 
3. Bulging of the anterior surface of the lens due to con- 
traction of ciliary muscle. 


Probable Path 


Retina—optic nerve optic chiasma—optic tract — lateral 
geniculate body — area 17 of occipital lobe via optic 
radiation — association fibers pass anteriorly to reach 
area 8 (frontal eyefield) — fibers from area 8 descend with 
corticospinal tract — ultimately terminate in Edinger- 
Westphal nucleus in the midbrain — impulses pass 
through preganglionic parasympathetic nerves which relay 
at the ciliary ganglion with postganglionic fibers supplying 
sphincter pupillae and ciliary muscle. This explains miosis 
and bulging of eyeball. 

Convergence is explained by stimulation of medial 
recti muscles bilaterally by 3rd nerve nucleus. 





Ciliary ganglion 
Synapse at frontal eyefield 


Optic tract 


_. Edinger-Westphal nucleus 
Pretectal nucleus 


Synapse at lateral geniculate body 


Occipital cortex 


Argyll-Robertson Pupil 


In neurosyphilis, the superior colliculus and pretectal area 
are damaged. As a result, the light reflex is absent but the 
accommodation reflex is preserved. 


] MOVEMENTS OF THE EYEBALL 


There are six extrinsic muscles, which move the eye. They 
are innervated by the 3rd, 4th, and 6th cranial nerves. 
The muscles and their main actions are as follows: 
1. Medial rectus: Adducts the eyeball. 
2. Lateral rectus: Abducts the eyeball. 
3. Superior rectus: Elevates the eyeball, when the eye is 
abducted. 
4. Inferior rectus: Depresses the eyeball, when the eye is 
abducted. 
5. Superior oblique: Depresses the eyeball, when the eye 
is adducted. 
6. Inferior oblique: Elevates the eyeball, when the eye Is 
adducted. 


Besides these, movements of the eye are of four types: 


1. Saccade: In this type of movement, the eye shifts 
its gaze with sudden jerks. Thus, the fovea call 
visualize new objects. Simultaneously, ({i's preven 
adaptation of visual pathway which might occur 
with a prolonged, fixed gaze. 

2. Smooth pursuit movements: These movemens 
occur as the eyes follow a moving object with the 
head fixed. 

3. Vestibular movements: In this type, | 
stimulation originating in the semicitculat canals | 
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ular object seen by both eyes forms two sepa- 

a mages On the two retinas. In a normal person 
ae a «mages fall on points called “corresponding 

nee of retina. The images at corresponding points 

pe et tly undergo fusion at the cortical level and 
. “erson ultimately sees only one image. Chance of 
~ alopia OF double vision is thus eliminated. 

| ee 54 paralysis of oculomotor nerve, the eyeballs 

7 He as} smmetrically and the images of an object 
f the two retinas no longer fall on correspond- 


atic 


ne 


formed on 
ng points. Therefore, cortical fusion does not occur and 


| 
| 

ce person will see two images, i.e. he will suffer from 
diplopia. 

. jn children below 6 years, suffering from squint, dip- 

” lpia may disappear after some time. This occurs as a 
-esult of “cortical” suppression of one image. Prolonged 
suppression of image in one eye is extremely dangerous 
4s it may proceed to permanent loss of visual acuity in 
che suppressed eye. So, this condition should be treated 
urgently. 

This type of cortical suppression may also occur in 
myopia or other types of refractive errors in one eye. 
Degeneration of ocular dominance columns may be the | 
underlying cause of loss of visual acuity in these cases. 


[ LIGHT ADAPTATION AND DARK ADAPTATION 


. When a person enters into a dark environment after 
Staying for some time in bright light, initially he can see 
almost nothing but gradually his vision improves as he - 
becomes accustomed or adapted to dark. | 

This is known as “dark adaptation’: | 

- This happens because, during exposure to bright light, 
rhodopsin store in the eye is depleted due to bleaching 
and, in the dark, it takes some time for the rhodopsin — 
‘tore to build up sufficiently to make dark vision | 
Possible, 

Cone Pigments are also responsible for dark vision | 

D Some extent. | 

; =. adaptation has two phases. The first rapid pee ) 

much 1 24aPtation of cones. this is followed by a 

adap — phase of much greater magnitude due (0 

On of rods (Fig. 98.3). 
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Time in dark 
Fig. 98.3: Dark adaptation of rods and cones 


4. Dark adaptation increases 10 times in 1 minute, 6,000 


mes in 20 minutes, and 25,000 times in 40 minutes. 


9. Pilots and radiologists, who work in dim light, spend 
some time in red goggles before starting to work, in 
order to get dark adapted while maintaining vision 
bright light. 

This is possible as the wavelength of red light does 
not stimulate the rods responsible for dark vision while 
it stimulates cones quite normally. As only red light 
passes through red goggles, the unstimulated rods 
become dark adapted after sometime while the cones 
maintain bright light vision. 

6. Light adaptation is the opposite of dark adaptation. 
If someone comes out in bright light after staying for 
some time in a dark room, he cannot open the eves in 
bright light. He feels the light too bright for some Ome 
until he gets adapted to the bright light. 

This takes about 5 minutes and it is called “light 
adaptation * 

B VISUAL ACUITY 

1. Definition: This is the sharpness of vision with which 
the details of an object can be seen 

2. It is related to the minimum distance between two 
points or two lines, at which they can be perceived as 
separate. 

3. Visual acuity of distant vision is measured by Snellen’s 
chart. Visual acuity of near vis:on is measured by 
Jaeger's chart. 

4. The Snellen’s chart contains letters Varving sizes 
which an individual of normal! vision should be USI 
able to read from a distance of 6, 9, 12, 18, 24, 36, and 
60 meters (Fig. 98.4) 

5 These numbers denoling maximum distances from 
which the letters can be read 6y 4 person with normal 
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Fig. 98.4: The top 3 rows of Snellen's chart (see text). The numbers 
indicate distances in meters at which a person with normal vision 
will be just able to read the corresponding line. 
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vision, are mentioned in the chart alongside corre- 
sponding letters. 


. The subject is seated at a distance of 6 meters from the 


chart and the greatest distance at which an individual of 
normal vision is able to read what the subject can read 
from a distance of 6 meters is found out. This distance in 
meters is equal to the number corresponding to the line 
of letters in Snellen’s chart that the subject can just read. 


’. Visual acuity is expressed as the ratio d/D, where, 


d = distance of the subject from the chart, (6 meters) 
D = Greatest distance at which a normal individual can 
read what the subject reads at 6 meters. 

Visual acuity of distant vision in a normal person is 6/6. 


i, 
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Rach letter in Snellen’s chart subtends an ap 
minutes at the nodal point of the eye wheres... 

smallest part gubtends an angle of | minute. from o, 
mentioned distances. Ip 


ve Of S 


‘Thus, the two closest points, which the eye can rec, | 
IOWVe 


separately, gubtend an angle of | minute at the ie 
point of the eye and are focussed 4.5 p apart er 
retina. Sone 
Since, the diameter of acone is about 3, the minim 
separable points stimulate two cones with an intery, - 
unstimulated cone. Ng 
This situation is ideal for the eye to perceive the; 
points as separate points and this is the basis of sca 


acuity. 


11. Visual acuity is also influenced by: (a) image-producin 
5 


mechanism, (b) condition of cones, (c) degree of brigh 
ness, illumination, length of exposure, and eitteaa : 
the stimulus. sto 


Critical Fusion Frequency 


It is the maximum rate at which a number of Separate 
visual stimuli can be presented to the retina and stil] pe 
perceived as separate stimuli. Presentation of stimuli at 4 
frequency higher than this leads to fusion of visual stimuli 
which appear as continuous. This is the basis of “movie 
shows” where the apparent movements result from fusion 
of individual stationary frames being presented at a 
frequency higher than critical fusion frequency. 
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| Hearing OF audition is one of the most important 
sensory components essential for communication 

of ahuman or subhuman being with the external 
environment. 

> Thisis an essential requisite for protection from external 

- danger. At the same time, it is an important means of 
communication with members of same species. 

3, The auditory organ is the ear, which consists anatomi- 
cally of three parts. These are (Fig. 99.1): 
a. The external ear 
b. The middle ear 
c. The inner ear. 


[ THE EXTERNAL EAR 


This consists of two parts. These are—(a) the pinna and 
5) the external auditory canal. 
a. The pinna: 
a The pinna is the convoluted, cartilaginous portion 
of the external ear, covered by skin. 





Incus —— 


—— 





Pinna 
Malleus ——--- 
External! | 


auditory ——\_ 
meatus 


External 
auditory ——— 
canal 


Tympanic 
membrane 





Hearing 


= Inhumans, itis immobile although in lower animals, 
it may be movable and helps in catching sounds Dy 
changing its direction. 

= In human beings, the pinna has some role in 
localization of sounds as the disposition of pinna 
leads to changes in the character of sound coming 
from the front and back of pinna. 

b. The external auditory canal: 

= The external auditory canal stretches between the 
pinna laterally and the tympanic membrane at the 
medial end. 

= Its lateral part is cartilaginous and media! part ts 
osseous. The canal is curved. 


@ THE MIDDLE EAR 


1. The middle ear is a cavernous space filled with air in 
the interior of temporal! bone. 

2. It is bounded by tympanic membrane laterally and 
medially it is related to the inner ear. 

3. Anteriorly, this cavity is connected to the nasopharynx 
through the pharyngotympanic tube. This helps to 


_—=__ Senwvarcular cana 
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—. Stapes 
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Fig. 99.1: Parts of human ear. 
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equalize the air pressure within the nasopharynx 


(which is the same as the outside air) with that within 


the middle ear. Thus, the pressures on two sides of 


the tympanic membrane are equal in normal circum: 
stances. 

4. There are three ossicles in the middle ear named 
malleus, incus, and stapes. They form an ossicular chain 
connecting the tympanic membrane to the inner eat. 

5. The handle (manubrium) of the malleus is attached to 
the inner aspect of the tympanic membrane while its 
short process is connected to the incus. 

- The incus, in turn, is connected to the stapes. The stapes 
is shaped like the stirrup of a horse and it fits in the 
oval window which is related to the lateral end of scala 
vestibuli of the internal ear. The footplate of the stapes 


a 


is connected to the posterior margin of oval window 


and it moves in and out like a hinged door. 
_ There are two muscles in the middle ear called tensor 
tympani and stapedius. The tensor tympani is inserted 
into the handle of the malleus while the stapedius is 
inserted into the stapes. 
8. While the trigeminal nerve supplies tensor tympani, 
the facial nerve supplies the stapedius muscle. 
9. When the person hears a loud sound, there is reflex 
contraction (attenuation reflex) of these muscles and 
the ossicular chain becomes taut. This protects the 
sound conducting system from damage. However, the 
relatively long reaction time of this reflex somewhat 
reduces the effectiveness of this protective mechanism. 


B THE INNER EAR 


1. The inner ear consists of the cochlea and the vestibular 
apparatus housed inside the bony labyrinth. 

2. The cochlea is a 35-mm long coiled tube and has 2 and 
three-fourths turns. 

3. A cross-section of the cochlea reveals that the coiled 
tube is composed of three compartments—scala 
vestibuli, scala media, and scala tympani (Fig. 99.2). 

4. The Reissner’s membrane separates scala vestibuli from 
scala media while the basilar membrane separates scala 
media from scala tympani. 

5. The scala vestibuli and scala tympani meet each other 
at the helicotrema, at the apex of the cochlea. 

6. The scala media contains endolymph which is secreted 
from “stria vascularis” situated in the lateral wall of the 
tubular compartment. 

(It should be noted that the scala media is the 
cochlear portion of membranous labyrinth, bathed 
in perilymph contained in scala vestibuli and scala 
tympani.) 

7. The endolymph in scala media has high K* concentra- 
tion (about 140 mmol/L). 
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Fig. 99.2: Cross-section through cochlea showing scala vestibyj 
scala media, and scala tympani. 
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Fig. 99.3: Organ of Corti. 


Also, it is electrically positive to the perilymph in 
the scala vestibuli or scala tympani, with an electrical 
gradient of +80 mV existing between them. 

8. In contrast, the perilymph occupying the scala tympani 
and scala vestibuli has a composition similar to ECF, 
being low in K* and rich in Na’. 


Bf THE ORGAN OF CORTI (FIG. 99.3) 


1. The organ of Corti is the structure bearing hair cells 
which are the receptors for sound perception. lhe organ 
of Corti is located on the basilar membrane. 

2. The hair cells are divided into two groups, inner and 
outer, based on their location in relation to the tunnel 
of Corti which is bounded by the rods of Cort 

3, The inner hair cells are arranged in a single row medial 
to the tunnel of Corti while there are three rows of outer 
hair cells situated lateral to the tunnel of Cort 

4, There are about 3,500 inner hair cells in contrast C0 
20,000 outer hair cells in each ear. 

5. The stereocilia at the tip of outer hair cells are er vedded 
in the tectorial membrane, which is a viscous elastic 
membrane covering the hair cells. 

6. The stereocilia of the inner hair cells remain !c: 


Raissner'’s marmbrane 





—Shapter 99 


a erent Neurons arise fy . i 
~ the afferen’ " 10% ane the inner | 

0 athe remaining 10% arise fron ou lair 

air cel] 

8, 


ge 
ls. ent neurons, on the othe; 
, Most] 


eh 5 ‘fere . i C 
ne © the outer hair cells rather than the inne 
‘ ? ton 


nner pe of innervation Supports th 

1 net hair cells ia mainly involved In audi 

ne it son and discrimination. In response to. a 
pero hair cells amplify the cochlear re 
he ” ip of the protein prestin (see later), 
‘ne ved sensitivity of cochlear sound per 
cre focus on a desired sound amidst no 
nes rent neurons, on stimulation, h 
ne hair cells and help in suppresgj 
ou 


ter] 


Ception and 
Ise, Further, 
YPerpolarize 
Ng undesireg 


1 rent neurons have their cell bodies in spiral 
~ qnglion located inside the modiolus, the bony core 
af the cochlea, around which the Cochlear tubes are 
sit ally arranged. ‘The axons, arising from the spiral 
sanglion, are carried through the vestibulocochlear 
verve and end in the dorsal and ventra] cochlear 


ye CENTRAL PATHWAYS OF AUDITORY NERVE (FIG, 99.4 


. The central processes of the auditory nerve end in the 

~ gorsal and ventral cochlear nuclei. 

» The cochlear nuclei give rise to axons which either 
,scend ipsilaterally or cross to the contralateral side to 
join the lateral lemniscus of that side. 

; Other fibers enter the lateral lemniscus after forming 
a synapse at the superior olivary nucleus of the same 
or opposite side. Some fibers cross to the contralateral 
side via the trapezoid body. 

4. The lateral lemniscus ends in the inferior colliculus. 

». Some ipsilateral fibers pass through the commissure of 
the inferior colliculus to end in the contralateral inferior 
colliculus, 
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Fig. 99.4: Central path 
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A. Impedance matching: 


ts 
he sound Waves that impinge on the tympanic 


eet conducted through the middle 
eccileanding y they set up vibrations in the 
pwn FE eee vibrations are transmitted in 
fe eh ns -One of them passes through the scala 
» Hien around the helicotrema and then 
back to the round window via the scala tympani. 
In the other more important pathway, vibrations 
are directly transmitted from scala vestibuli to scala 
tympani across the basilar membrane and thereby 
they stimulate hair cells which are the auditory 
receptors responsible for sound perception. 

. The sound waves conducted through external and 
middle ear tend to be reflected from the air-liquid 
interface as they are transmitted to the fluid inside 
the cochlea in the inner ear. This is due to mismatch 
of mechanical properties of the two media and is 
called mismatching of impedance. 

However, this mismatching of impedance is 
neutralized by increase in sound pressure in the 
middle ear which acts as an impedance matching 
apparatus. 
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3. Sound pressure is increased in the middle ear in two 
ways: 


a. The sound pressure exerted on the tympanic 


membrane having a surface area of about 55 
mim’, is concentrated on the oval window, which 
has a surface area of only 1/17th of that of the 
tympanic membrane. Thus, the sound pressure 
is increased 17 times. 


b. The ossicular chain has a mechanical advantage 


of 1.3 due to its lever-like action. 


c. The two factors taken together increase sound 


pressure by about 22 times, equivalent to an 
increase of 27 decibels. 


4. The middle ear preferentially amplifies some 
sounds more than others. For instance, sounds with 
a frequency between 2,000 Hz and 5,000 Hz (the 
frequency of normal speech) are amplified more in 
preference to others. 


B. Sound transduction in the organ of Corti (Fig. 99.5): 


1. a. Assound wave enters the cochlea, it is transmitted 


along the scala vestibuli in the form of traveling 


waves. These waves spread towards the 


of hair cell 


Figs. 99.5A and B: Mechanism of sound transduction. (A) At rest; 
(B) Upward movement of basilar membrane leads to depolarization 
(see text). 
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helicotrema and also across basilar Membrang 
but maximum displacement of the basila, 
membrane occurs at a point which depende ‘ 
the frequency of the sound, 


Note: These traveling waves vibrate the basilar mern brane 
maximally at locations which depend on the frequency 
of the sound. High frequency sound waves vibrate the 
basilar membrane maximally near the base of the cach les 
whereas low frequency sound waves maximally vibrat. 
the basilar membrane at the apical part of the Cochleg. 
(The place principle-see later) (Fig. 99.6) 






9,000 Hz 





b. The vertical up-and-down movement of th, 


basilar membrane causes the hair cells to Move 
up and down. 


. Now, the stereocilia at the apex of outer haj, 


cells are embedded in the tectorial membrane 
which is attached medially to the limbus at gy, 
angle with the basilar membrane. As a result, the 
upward movement of the outer hair cells gives 
rise to a side-to-side shearing movement of the 
stereocilia. 


. Now, as the outer hair cells move up along with 


organ of Corti, the stereocilia move away from the 
limbus. Conversely, the stereocilia move towards 
the limbus when the outer hair cells along with 
the organ of Corti move down (Fig. 99.5). 


. As the stereocilia move away from the limbus 


during upward movement of the basilar 
membrane, apical K* channels in the outer 
hair cells open. K* moves into the cells due 
to an almost absent concentration gradient 
of K*(caused by a high K*concentration in the 
scala media) and the large electrical gradient. 
Entry of K* causes depolarization. (See also 
later). 


. The outer hair cells contain large number of 


prestin molecules. On depolarization of the 
cell, these prestin molecules contract leading to 
contraction of outer hair cell itself. Cor:raction 
of outer hair cells amplifies upward mvement 
of the basilar membrane. This acce (uated 
upward movement of basilar membra.. © lorces 
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Fig. 99.6: Traveling waves in straightened cochlear duct (schematic). 
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af outer and inner hair cells is sequentia) rather 4000 
than simultaneous. 
, As mentioned already, the endolymph in the 700 
"scala media has a potential difference of about | 2000 
,90 mV with perilymph. 1000 
», Onthe other hand, the inside of hair cell is about 400 an 
60 mV negative to the perilymph. 
000 


ioe: The stereocilia at the apex of a hair cell have a 
syacteristic arrangement. The longest stereocilium is 
nated at one end while the other stereocilia arranged 
side it, show a gradually diminishing height. 

Now, the tip of each stereocilium is connected to the 
satofits adjacent taller stereocilium by tip links which 
ge spring-like connections attached to ion channels | 20000 
athe longer stereocilium. When the stereocilia bend | Base of 
wards the taller stereocilium, the tip links are stretched | °°c"le2 
ad this opens the ion channels temporarily allowing Fig. 99.8: Place principle. The numbers correspond to sound 
aty of K* ions. A little while later, the channel is Dp ulled frequencies causing maximal local stimulation. 
wn along the membrane by an intracellular molecular DETERMINATION OF FREQUENCY AND INTENSITY 
‘tor. This releases the tension on the ion channel and OF SOUND 
‘doses. Movement of the stereocilia in the opposite a ee, 

1, There are two mechanisms by which frequency is 


divans 2 ae 

‘Itction keeps the channels closed as the tip links do ae Fi fil ated 

‘Of exert any tension on the ion channels (Figs. 99 7A determined: (a) place principle and (b volley principle. 
c ° : ao Tg ; : 

aud B) 2. Place principle (Fig. 99.8): 

a. As mentioned previously, the traveling waves of 
| ifferent frequency maximally stimulate different 
(So . ‘al difference of about 140 mV differen . y 

Merelsapotentlal difference 0 locations of the basilar membrane. 


ne of ir cells. | 
across the apical membrane ot the hair b. ‘Thus, the high frequency sounds stimulate maxi 


1500 


. Apart from this very large electrical praciens mally the basal part of the basilar membrane while 
the concentration gradient !s almost nil, as ne the low frequency sounds taxunally simulate the 
endolymph as well as the hair cell cytosol has basilar membrane near the apical part of cochlea. 

. — the same K concentration. sii welld One contributing tac os pe a ener is 

» When the apical channels of the ha di tension and width of the basilar membrane along its 
open, K* ions enter the cell from scala mec length. 


driven by the large electrical gradient. 


3. Volley principle: 


4. Determination of sound intensity: 
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¢. Inother words, the nerve fibers and the hair cells in 
the basilar membrane are tonotopically arranged. 
So, sound of a particular frequency stimulates 
specific hair cells in the basilar membrane, Thus, 
the corresponding nerve fibers supplying the 
specific hair cells are stimulated, So, stimulation of 
these specific nerve fibers results in perception ol 
sound of the particular frequency, 


a. Low frequency sounds often produce action 
potentials in auditory nerves at the same rate as the 
frequency of the sound, and this helps in frequency 
discrimination. 

This is called the volley principle of frequency 
discrimination. 


a. As the sound intensity increases, the frequency of 

action potential in the auditory nerve increases. 

b. Also, the number of auditory neurons stimulated is 

increased. 

c. Thus, the intensity of sound is determined from: 

¢ The frequency of action potential in the auditory 
nerve. 

¢ The number of auditory neurons stimulated. 


Bf SOUND LOCALIZATION 


Localization of sound depends on several factors: 
a. Phase difference: In low frequency sounds, the sound 


waves reaching the two ears show very small but 
definite phase difference. The auditory cortex detects 
this minute phase difference and this helps in sound 
localization. 


b. Intensity difference: The intensities of sound reaching 


the two ears also show a minute difference. This is due 
to the difference in distance between the source of 
sound and the two ears. Also, sound waves proceeding 
to the remote ear are partly absorbed by tissues of the 
head. This difference in intensity in the two ears helps 
in sound localization especially in case of sound waves 
with frequency greater than 3,000 Hz. 

c. The pinna: Nature of sound waves reaching the ear 
from the front and back of the head are different due 
to the position of pinna. Also, sound waves moving up 
or down are reflected differently from the pinna. These 
differences help in sound localization. 


Bf DECIBELS, SOUND INTENSITY, AND HEARING RANGE 


1. The loudness or intensity of sound depends on the 
amplitude of sound wave whereas pitch of the sound 
depends mainly on its frequency. 


: : ingity of sound can be e 
» Loudness or intenst'y KD re see 
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| 
in decibels, Decibel is one-tenth of a bel, Intensiy, 


expressed In bel is the logarithm of the ratio ber 
the intensity of a sound and that of a standard sOund 

Therefore, intensity of sound in decibel ~ jg), 
(intensity of sound/intensity of standard sound). 

As, intensity is proportional to the square of sound 
pressure, we can write, intensity in decibel = a9 les 
(pressure of sound/pressure ofstandard sound)” 

Now, the threshold of hearing in man is held as tp, 
standard sound, Pressure of this standard sounq i 
about 0.0002 dyne/cm’. 


Arey , 


-Ttis to be noted that sound of 0 decibel is not absenc. 


of sound. It simply implies that the pressure of soung 
is equal to the pressure of standard sound (threshoiq 
for hearing) [log 1 = 0}. 


_ The sounds heard normally vary between a range of 


0 decibel and 140 decibel or even more. Sound intensit; 
at or greater than 140 decibel causes pain and j 
potentially damaging to the cochlear receptors. 
Although when, in terms of decibel, the intensity 
increases from 0 decibel to 140 decibel, in reality, the 
sound pressure varies by 10’ or 10 million times. This 
is because decibel is expressed in a logarithmic scale. 


_ The range of human hearing varies between 20 Hz and 


20,000 Hz. Sound frequencies between 1,000 Hz and 
4,000 Hz are best perceived by the ear and this is the 
average frequency of normal conversation. 


i MASKING 


1. The perception of sound is often impaired when 


another sound occurs in the background. This is known 
as masking. 
This occurs as the auditory nerve becomes refractory 
due to previous stimulation by the background sound. 
Low frequency sounds have greater masking effect 
than high frequency sounds. 


. Examples of masking are: 


a. One has to raise one’s voice in a noisy, crowded 
place to become audible to another person. 

b. In Weber’s test (see Practical p. 24) conductive 
deafness in the diseased ear eliminates the masking 
effect of incoming background noise. So, the 
sound from the vibrating tuning fork placed on the 
forehead is heard louder in the diseased ear with 
conductive deafness than in the norma! cur where 
masking effect is present. 


8 DEAFNESS 


Deafness is loss of normal hearing function. !! 's of two 
principal types: 
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| A. Conductive deafnes 
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conduction in the affected met ‘ defect in sound 


1. Otitis media—An jn * EXamples are: 
middle e atory 
5 Otosclerosie te Commonly bylnfectan mame 
; tere, th 
fused with the ¢ € footplate of the stapes is 


val wi 
sound conduction OW, leading to impaired 





Chapter 99; Hearing 


aT Sl oS — 


B AUDIOMETRY 


This is an importantand sensitive clinical test for detection 
of deafness, In this test, pure tones of different frequencies 
between 125 Hz and 800 Hz and of different intensities 
between 0 decibel and 100 decibel are produced by the 
instrument, 

The subject, through an ear-piece placed tn the : 
being tested with the other ear closed, listens fo the soun . 
of different frequencies. The intensity is initially kept low at 
decibel. Ifthe sound is inaudible to the subject, the se 
is gradually increased until the subject can hear the soune, 

In this way, the audible intensity of the different 
frequencies is determined, ‘The results are plotted on a 
chart. The curve produced helps in the diagnosis of the type 
and extent of deafness. 
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§ INTRODUCTION 


Basically, there are four different types of taste sensations— 
sweet, salt, sour, and bitter. Recently a fifth taste called 
umami has been recognized. Each particular taste sensation 
is derived from mixtures of these primary sensations in 
various degrees (Fig. 100.1). 

A. Sweet taste: It is caused by various organic substances, 
such as, sucrose, maltose, lactose, glucose, glycerol, 
some alcohols, and ketones. 

Saccharin and aspartame are artificial sweeteners. 
They cause sweetness but do not add calories to the 
diet. Hence they are used in reducing diets. Sweet sen- 
sation is best perceived at the tip of the tongue. 

B. Bitter taste: It is evoked by alkaloids such as quinine, 
caffeine, strychnine, morphine, nicotine, etc. Urea, 
inorganic salts of magnesium, ammonium, and calcium 
also have bitter taste. 

Bitter taste is best perceived at the back of the tongue. 

C. Salty taste: It is produced by Na* ions. Organic sub- 
stances like lysyltaurine and ornithyltaurine also taste 
salty. Salty stimuli are best detected by anterior half of 
the lateral aspect of anterior two-thirds of the tongue 
extending to the dorsum. 

D. Sour taste: It is produced by acids. Sour taste of a 
substance has some relation to its pH and the rapidity 
with which it can enter into taste receptors. 

Sour taste is best detected at the posterior half of the 
lateral aspect of anterior two-thirds of the tongue. 

Although different areas of the tongue have been 
specified for perception of different taste sensations, 
recent studies prove this to be wrong. Nowit is believed 
that each taste bud anywhere in the tongue can produce 
each type of sensation. 

FE. Umami taste: \t is the recently recognized fifth taste 
sensation. It is activated by glutamate. Monosodium 
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Fig. 100.1: Areas of tongue most sensitive to different 
types of taste. 
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Fig. 100.2: Taste bud. 


glutamate, widely used in oriental cookins, »!ves rise 
to this particular sweetish taste. 


Bf TASTE BUDS (FIG. 100.2) 


1. Taste buds are ovoid structures having a «meter ol 


about 50-70 jam. 
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. itl 50 nerve fibers supply each taste bud, 


spe taste cells have a rapid turnover. The degenerating 
lI is replaced by basal cell which is transformed 


- ggste ce 
‘nto anew taste cell. 


g, Trans 
ing tissue into new taste buds. 


adjoining 
» Total number of taste buds is about 10,000. 


f PAPILLAE 


she taste buds are located in structures called papillae. 
rnere are four types of papillae. Three of them contain taste 
ds and the remaining one has mechanical function. 


J GUSTATORY PAPILLAE 


|, Fungiform papillae: These are rounded in shape, 
present predominantly around the tip of the tongue. 
About 8-10 taste buds are present in each fungiform 
papilla and they are located usually at the top of the 
papilla. 

2. Vallate or circumvallate papillae: These are present in 
the posterior part of the tongue. They are prominent 
structures and form a V-shaped row. Each contains up 
to 100-200 taste buds. The taste buds are located along 
the sides of the papillae. 

3. Foliate papillae: These are present on the sides of the 
longue anterior to the circumvallate papillae. They 
contain a large number of taste buds. 


[ MECHANICAL PAPILLAE 


filiform papillae: They have no relation to taste sensation. 
they probably help in breaking down of food particles. 


UTASTE PATHWAYS (FIG. 100.3) 


|. The sensory nerve fibers from the taste buds on the 
anterior two-thirds of the tongue travel in the chorda | 


'ympani branch of the facial nerve. 
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Fig. 100.3: The taste pathway. Note that it runs ipsilaterally to the 


cerebral cortex. 


. The taste buds of the posterior one-third of the tongue 


are innervated by the glossopharyngeal nerve. 


. Taste receptors present in the pharyngeal aspect of the 


tongue and those on the hard palate, soft palate, and 
epiglottis are innervated by the vagus nerve. 


. On each side, these three nerves converge on the 


nucleus of tractus solitarius (NTS) in medulla oblongata 


. From there, second order neurons arise, run ipsilaterally 


and end in the specific relay nuclei of the thalamus of 
the same side. 


. Third order neurons from the thalamus project to the 


cerebral cortex at the foot of the postcentra! gyrus 


Bf MOLECULAR MECHANISM 


Atthe molecular level, taste receptors vary in their respanse 
to different types of taste stimuli: 
1. Salt and sour substances produce taste sensation by 


acting On ionowopic receptors whereas sweet, bitter 
and umami tastes are mediated by G-protein coupled 
receptors (GPCRs) 


2. GPCRs involved in sweet taste belong to T1R?2 and T1R3 
5 


family while those involved in bitter taste belong to TYR 
Blwizn 


family. Urnami taste 1s produced bv a metabotropic 
glutamate rece DOr mGluR4 while TR] and T1R3 
res CDIO! , md\ al 19, onuibute Gustducin is ohten ihe 
G protein implicated tn taste sensavion. 
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and t we fi oe ated with tasteis called gustducin 
rst discovered in the signal 
pathway of bitter taste. gnal transduction 


3. Na* ions from salty tasting substances depolarize taste 
cells by entering through an amiloride-inhibitable 


Special Sense 


Na’-channel. This is proved by the fact that applicatic, 
of amiloride on the tongue abolishes salty tasr, 
sensation in man. | 

. Sour tasting substances depolarize taste cells by raising 
the intracellular H’ ion concentration. Sour taste can 
also be produced by stimulation of ENaCs and HCN 


channels. 











g oLFACTORY MUCOSA 


|. The olfactory mucosa contains the olfactory receptors. 
The olfactory mucosa can be differentiated from the 
adjacent respiratory mucosa by: 

a. The presence of mucus-secreting Bowman’s 
which are tubular in shape. 

b. Absence of characteristically beating cilia which 
form an important feature of respiratory mucosa. 

c. Presence of characteristic yellowish-brown pig- 
ment. 

_ Nerve supply: The olfactory nerve (first crania] nerve) 
and some branches of trigeminal nerve supply the 
olfactory mucosa. Some substances produce an 
irritative smell due to stimulation of the nerve-endings 
of trigeminal nerve. 

3. Histological features (Fig. 101.1): The olfactory mucosa 

consists of three different cell types: 

a. The bipolar neurons constitute the receptor cells. 
They are 10-20 million in number. The dendrites of 
each neuron end in a knob from which about 10-20 
cilia project into the overlying mucus. 

The axons of the bipolar neurons pass through 
the cribriform plate of the ethmoid bone and end 
in the olfactory bulbs. 

b. The supporting cells are tall cells with microvilli 
projecting from the apices. 

c. The basal cells give rise to new receptor cells. The 
basal cells undergo mitosis and are transformed 
into receptor cells. 

Location: The olfactory mucosa is situated on the roof 

of the nasal cavity, close to the nasal septum. As it is 

located high up in the nasal cavity, the olfactory mucosa 
ordinarily does not come in direct contact with the 
flow of inspired air entering the nose. The contact of 
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Fig. 101.1: Olfactory mucous membrane. 


odorant substances with the olfactory mucosa is greatly 
facilitated by sniffing. 

Sniffing, which consists of short and forceful inspi- 
rations, helps in delivering odorant molecules to the 
receptor cells by creating turbulence. 


@ OLFACTORY PATHWAYS 
1. The olfactory bulbs are paired structures lying below the 


base of the brain over the cribriform plate. As already 
told, the axons of receptor cells in the olfactory mucosa 
pass upwards through the openings of the cribriform 
plate and end in the olfactory bulbs. 


. In the olfactory bulbs, the axons of the receptors 


synapse with the dendrites of mitral cells and tufted 
cells. These synapses are formed within globular 
structures called olfactory glomeruli. 


3. About 25,000 receptor cell axons enter each glomerulus 


where they form synapses with the dendrites of about 
25 mitral cells and 60 tufted cells. 
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4. Inthe next layer, mitral and granule cell dendrites form 
vw . ~¢ * . r . 
extensive reciprocal synapses. The axons of mitral cells 
and tufted cells form the ol 


factory tract, 
5. The olfactory tract divides into (wo pathways, the medial 


and lateral olfactory striae. The medial olfactory stria 
contains fibers which cross the midline in anterior com- 
missure and ends in the contralateral olfactory bulb. 

6. On the other hand, the lateral olfactory stria projects 
to five different areas of olfactory cortex. These are: 
(a) anterior olfactory nucleus, (b) olfactory tubercle, 
(c) piriform cortex, (d) amygdala and (e) entorhinal 
cortex. These areas, in turn, project to either the frontal 
cortex or the orbitofrontal cortex. 

‘. The close association of the primary olfactory cortex 
to amygdala explains the strong influence of smell on 
emotion. 

Unpleasant smells frequently serve as warning from 
harmful substances. Connections with entorhinal 
cortex mediate memory-dependent attributes of smell. 

8. Another phylogenetically more recent olfactory 
pathway passes through the dorsomedial nucleus of 
thalamus (contradicting the dictum that the olfactory 
nerve is the only cranial nerve that has no connection 
with the thalamus). It terminates in the posterolateral 
quadrant of the orbitofrontal cortex. This pathway 
appears to be involved in conscious perception of odor. 

9. The vomeronasal organ found in rats, rabbits, and 
human infants has recently been proved to be 
active even in adult humans. It is connected to the 
hypothalamus via the accessory olfactory bulb. This 
pathway is believed to convey stimulation by specific 
odorants such as pheromones. Thus, it may mediate 
the influence of odors to reproductive activities. 


Bf ADAPTATION OF SMELL SENSATION 


1. The sensation of smell shows remarkable properties 
of adaptation. The olfactory receptors, after about 
1 second, show 50% adaptation. In practice, smell 
sensations almost fully disappear within a minute, i.e. 
adaptation is nearly 100%. This additional adaptation 
appears to be central in origin. 

2. Olfactory adaptation is probably mediated through 
feedback inhibition by centrifugal fibers from olfactory 
cortex when it is stimulated by olfactory sensation. 

3. The molecular mechanism of adaptation to smell in- 
volves a complex interplay of several second messenger 
systems occurring in phases. In the initial phase, a Ca**- 
binding protein binds with the receptor decreasing its 
sensitivity. The second phase constituting short-term 
adaptation is mediated by cAMP andis also related to the 
activity of Ca**-calmodulin-dependent protein kinase II. 
The last phase of long-term adaptation is mediated by 
cGMP and may also involve a Na‘/Ca** exchanger. 
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Bl TRANSDUCTION 


Transduction of olfactory sensation takes place through 
the following steps: 

The odorant substance binds with a receptor Protein, 
present in the ciliary membrane ~» heterotrimeric G 
protein called Goif Is stimulated — there is activation of 
adenylyl cyclase resulting in increased production of cy¢}i, 
AMP from ATP. This cAMP opens Ca"' channels through 
which Ca"' ions enter into the receptor cells and ultimately 
produce action potential in the following unique way: 

Depolarization leading to action potential occurs 4. 
a result of opening of Cl channels, which is activated by 
Ca influx. The receptor cells have a Cl--rich interior. 5, 
when Cl channels open, Cl ions leave the cell down the 
concentration gradient, causing depolarization. This is 
contrary to the usual finding that opening of Cl channe}|, 
results in Cl influx causing hyperpolarization. 


i POINTS TO NOTE 


1. The olfactory neurons are the only neurons in the body 
which are directly exposed to the external environment. 

2. The olfactory receptor neurons, unlike neurons else- 
where, showremarkable renewal capability and they are 
continuously replaced by newly regenerating neurons. 

3. The olfactory mucus contains odorant-binding proteins 
which bind with odorant molecules and increase 
the odorant concentration stimulating the receptor 
neurons. 

4. Odorant molecules must be: 

a. Volatile, so as to reach the olfactory receptors by air. 

b. Partly water-soluble so that they can be transported 
through the watery mucus layer to reach the 
receptor cells. 

c. Partly lipid-soluble so that they can pass through 
the lipid membranes of receptor cells. 

5. The olfactory receptors have remarkable sensitivity to 
some substances. Methyl mercaptan can be detected 
by smell in a concentration as low as 500 pg’ L. 

6. The extent of olfactory discrimination is also astonishing 
Aman can recognize as much as 10,000 different odors. 

7. There are 500 active genes responsible for olfaction. 
Although there are millions of olfactory neurons, each 
of them expresses only one olfactory gene and it is 
connected with only one to two glomeruli. So, although 
there are 10,000 different odors, the neuronal map 
projected in the olfactory bulb for a particular odor is 
unique. Thus, it is possible to discriminate between 
these 10,000 different odors. 

8. The ability to distinguish between odors of different 
intensity is, however, poor. Thus, one can recognize a 
change in intensity of the perceived odor only \ lien the 
concentration of odorant is altered by at leas! i". 
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A ange elmholtz theory of color vision 

19, color blindness 

11, organ of Cort 
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3, place principle 

v4, auditory pathway 

5, Taste bud 
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“Explain why: 

~ + Cornea is transparent. 

2 Cylindrical lenses help vision in astigmatism. 

3 Older persons show presbyopia. 

4, Fovea centralis has the highest visual acuity, 

s vitamin A deficiency results in night blindness, 

6. Middle ear is an impedance matching device. 

7 Complete deafness occurs only in most peripheral 
lesions of auditory nerve. 

3. In conductive deafness, Weber's test is lateralized to 


affected ear. 


ultiple choice questions: 
1. Receptor potential of rods is different from that in 
other places in that it shows: 
a. Depolarization 
b. Hyperpolarization 
c. Increased conductance of sodium 
d. None of the above. 
2, Cell not present in inner nuclear layer of retina: 
a. Amacrine cell 
b. Bipolar cell 
C. Ganglion cell 
d, Horizontal cell 
3, Amacrine cells secrete: 
a, GABA 
C Glycine 


b, Acety!choline 
d. All 


4. Inh 
uman Ya 
fOr Vision 1 FaNge of electromagnetic spectrum 


4, 100 200 nr 
b. 200 370 nm 
© 370-740 nm 

: i 740-1110 nep 

‘IN whic 
Sian _— of retina is 
4. Rods and cones 
b, Bipolar cells 
C. Ganglion cells 
- Horizontal cells 


6. Persons wi 
th deut ; ; 
color? eranopia fail to identify which 
. a b. Green 
7 S - d. Black 
* Substance causing umami taste: 
a. Sucrose 


b. Glutamic acid 
C. Quinine 
d. Sodium chloride 
8. Mitral and periglomerular cells are located at: 
a. Occipital cortex 
b. Medulla 
Cc. Olfactory bulb 
d. Medial geniculate body 


action potential 


MCQs Answers 


1. Ans. B. The rod receptor potential shows hyperpolari- 
Zation unlike other receptor potentials which normally 
show depolarization. 

2. Ans. C. 

3, Ans. D. Amacrine cells secrete acetylcholine, GABA and 
glycine. 

4, Ans. C. 

5. Ans. C. Photoreceptors (rods and cones) and bipolar cells 
stimulate the next order of neurons by graded potential. 
However, an action potential is generated from ganglion 
cell onwards. 

6. Ans. B. Deuter = green. So, deuteranopes with 
deuteranopia (complete loss of green vision due to 
absence of green cones) cannot identify green color. 
In this way, Protanopes and Tritanopes fail to identify 
red and blue color respectively. Note that -anopia 
= complete loss of corresponding color. -anomaly = 
weakness of corresponding color. 

7. Ans. B. Umami taste |5 caused by glutamic acid acting 
through mGluR4 receptor 

8. Ans. C. 
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, may be defined as storage of learning-related 
Neon” cthat can be retrieved later at will 
_fomations 

emory can be classified as: (a) short-term memory 

“nd (0) long-term memory. Some also refer to a 

ihird type of memory called intermediate long-term 

memory: 

» Short-term memory lasts for seconds or minutes and 

” ‘ney are lost unless converted to long-term memories 
through processing In the hippocampus. Long-term 
memory lasts for months and years and may even last 
for whole life. 

3 Working memory is a type of short-term memory that 

rovides information for very short periods while plans 

or deductions based on it are done. 

For example, an unfamiliar telephone number is 
remembered during the period of dialling but forgotten 
as soon as the person stops thinking about it. 

4, Memory can be divided into two forms: Explicit and 
implicit. 

i, Explicit or declarative memory is conscious recall 
of events, surroundings, temporal relations, causes 
and meaning of an experience. 

ii, In contrast, reflexive or implicit memory is 
concerned with habit or skill and it mainly involves 
motor activities of the body. It does not require 
awareness, 

5. Explicit memory can again be divided into two types: 
semantic and episodic. 

Semantic memory is concerned with conscious 
recall of facts such as concepts, objects, words and their 
meanings, 

Episodic memory is concerned with recall of past 
experiences temporally related to events. Hence it is 
also called autobiographical memory. 


Memory 


6. Explicit memory is processed in four separate steps: 

a. Encoding In this process, new information is linked 
with existing memory. Persistence or stability of the 
memory depends on strength of such association. 

b. Storage: Long-term memory is stored in various 
cortical sites and it has an infinite capacity 1” 
contrast to short-term working memory which has a 
very limited capacity to hold or sustain information. 

Storage of memory is category-specific. This 
means that similar types of memory are grouped 
together and stored. This helpsin linking information 
and easy retrieval of memorized information. 

c. Consolidation: This involves conversion of 
temporary and labile memory into its stable form. 
This is associated with gene transcription and 
protein synthesis. 

d. Retrieval: It is the process by which stored memory 
is consciously recalled. 

7. Medial temporal lobe (containing hippocampus) 
and prefrontal cortex are important in formation and 
retrieval of explicit memory. 

On the other hand, implicit memory does not involve 
medial temporal lobe and hippocampus. 

8. Implicit memory is again of four types: 

a. Priming: This is an unconscious process in which 
a past experience or memory of one fact helps in 
recall of another linked information. As an example, 
recall of the first letter of a word helps in recall of the 
whole word. Priming involves activity in neocortex. 

b. Skill and habit-related memory, also known as 
procedural memory, involves striatum of basal 
ganglia. Repeated performance of the same action 
helps in building up this type of unconscious 
memory. 

c. Associative learning: This can be divided into 
classical conditioning or operant conditioning. 
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When related to emotional content, this involves 
amygdala Whereas, when related to skeletal muscle 
activity, it involves cerebellum, 

d. Non-associative memory: This consists of habitua 
tion and sensitization. This type of implicit memory 
is formed in reflex pathways. 


Working Memory 


Working memory is a short-term memory which consists 
of two components: Verbal and visuospatial. 

Verbal memory is speech-based and has two 
components—a store that keeps the pieces of phonological 
information and a rehearsal system which keeps the 
working memory active. The place of storage is in the 
posterior parietal cortex while the place for rehearsal is in 
Broca’s area involved in articulation. 

Visuospatial memory has two components—an object 
memory concerned with visual images of an object and a 
spatial memory concerned with location of object in space. 

Rehearsal of visuospatial information occurs in 
parietal, inferior temporal and extrastriate occipital cortices 
and this is modified by frontal and premotor cortices. 

It has been observed that some neurons in prefrontal 
cortex are concemed with spatial information, others are 
concerned with object information while still others are 
concermed with integration of the two. 

Verbal memory and visuospatial memory are 
coordinated by an executive control process which 
regulates degree of attention paid to the individual systems 
and is also concerned with manipulation, update and 
monitoring of stored information. 


Molecular Mechanism of Working Memory 


Prefrontal cortex plays an important role in the formation 
of working memory. 

Working memory mainly consists of a prolonged 
response caused by a transient stimulus. Thus there is 
sustained neural discharge following an initial stimulus. 
This usually entails a positive feedback mechanism in 
response to an initial stimulus. 

This positive feedback response can be generated in 
two ways. One is centered around membrane property of 
neurons. The other is related to special synaptic circuits, 
e.g. reverberating synaptic circuit or reciprocal inhibition 
circuit. 

In the first mechanism, a particular stimulus opens 
Ca** channels in the membrane causing Ca** influx. This 
Ca** opens a calcium-activated non-specific ion channel 
(CAN) which allows entry ofions that cause depolarization 
resulting in AP. This AP opens Ca** channels again and a 
positive feedback effect ensues. 
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In the synaptle mechantam, FeCHEFEAE NeUrOnAT Coy 
nectlons consdtute reverberating Clreults which catige ‘ 
prolonged neuronal response: 

In the reelprocal Inhibition Mechanism, WO groups 
of neurons reciprocally Inhibit each other. In this, when 
one group becomes actlve, It inhibits the other group, Ag 
a result, the Inhibitory effect of the other group la reduced 
So the first group shows more enhanced activity, thi, 
initiating a positive feedback phenomenon, 

Molecular mechanism of implicit memory is we} 
demonstrated by synaptic changes In sensitization which 
shows both short-term and long-term mechanisms ag 


follows: 


Molecular Mechanism of Short-term Sensitization 


This mechanism mainly involves presynaptic facilitation. 
In this, two pathways are involved. In both these pathways, 
the noxious stimulus causing sensitization travels from the 
periphery and activates a third neuron which impinges on 
the presynaptic axon as facilitator terminal. 


The first pathway: 

Serotonin is released from the facilitator terminal - 
serotonin binds to metabotropic receptors and activates Gs 
protein — adenylyl cyclase is stimulated > ATP is broken 
down to cAMP > cAMP binds to PKA (protein kinase A) > 
PKA phosphorylates K* channels stopping K’ exit > AP is 
prolonged — Ca" influx is increased — greater release of 


transmitters. 


The second pathway: 

Serotonin binds to metabotropic receptors activating Gq 
protein —> activates phospholipase C — DAG is produced 
which activates PKC > various presynaptic proteins are 
phosphorylated > synaptic vesicles containing glutamate 
are mobilized to release sites at active zone — release of 
transmitters is augmented. 


Molecular Mechanism of Long-term Sensitization 


Serotonin at the facilitator terminal leads to production 
of PKA inside presynaptic axon. This activates four major 
pathways: 

1. PKA migrates to nucleus > PKA phosphorylates CREB-| 
(cAMP response element binding protein) —> CREB-1 
binds to CRE and stimulates gene transcription. 

2. PKA activates MAPK > MAPK phosphorylates CREB-2 
(which represses gene transcription) — repression of 
gene transcription is removed. 

3. CREB-1 activates a gene encoding ubiquitin hydrolase 
— cleaves regulatory subunit of PKA and expresses 
catalytic subunit of PKA —> persistent activity of PKA 
even in absence of cAMP. 


——___ 


aa sivates a transcription fac : 
a1 activates * actor C/K 
1 /ERD, Which 


'N Synthesic 


’ 


CRE aly leads to formation of new prote 

ae ~ynaptic connections. 

yiit D - 

. perm poten : 

ott yotentiation occurs when a brief tetanizi 

ee synaptic neuron is coupled with simulta lg 

a us . depolarizing stimulation of PoOStsynaptic eal 

_ trons lieved to be the underlying méchavilen « 
xplicit memory. mol 


4 


tiation (LTP) and explicit memory: 


rm 


gt x 


we is is DE 


7 Z erm S 


| Aspects of Hippocampus (Fig. 102.1) 


= 


. zgfogic4 
“aw term pot 
Os 


L < 
~eurons 


me CAL pyramidal cells are the only output of hip- 
ae Afferent neurons from entorhinal cortex syn- 

aa < with CAIl neurons 1n two pathways. 

ai the direct “perforant” pathway, the entorhinal 

eaeils synapse with the apical most part of dendrites of 


~s] neurons. eos - on 

in the indirect “trisynaptic’ pathway, entorhinal 
serents Synapse with CAS neurons via mossy fibers. The 
~43 neurons synapse with CA1 neurons by the Schaffer 
~llateral pathway- 

: sjthough all these synapses show LTP, nature of LTP 
.. different among them. In Schaffer collateral synapses 
ch CAL neurons, classical LTP is seen. But, in mossy 
sher synapses, LTP is dependent on L-type Ca** channels 
~using a large Ca** influx. Again, the entorhinal afferents 
snapse with CA] neurons producing an LTP which shows 
; combination of the above two mechanisms. 
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entiation is typically seen in hippocampal 


Linking of Long-term Potentiation to Learning 
and Memory 


This is mediated by three important properties of LTP: 

1. Cooperativity: Long-term potentiation requires 
simultaneous stimulation of a number of presynaptic 
neurons to produce a large depolarization in the post- 
synaptic neuron. This property is termed cooperativity. 






Schaffer collateral pathway -— 


CA3 neuron — 


Mossy fiber pathway - 
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Significance (e.g. conditioned stimulus in conditioned 

reflex) with more significant events (unconditioned 

response), resulting in the former achieving greater 
retention in memory and effect. 

- Synapse specificity: Long-term potentiation requires 
presence of NMDA receptors and hence it takes place 
specifically in active synapses with NMDA receptors In 
the postsynaptic neuron. 

In inactive synapses, NMDA receptors do not bind 
glutamate which is not secreted from inactive presynaptic 
neurons and as a result, they are not activated at all despite 
strong postsynaptic stimulation. This is probably related 
to the fact that unrelated information is not incorporated 
during memory storage. 
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Phases of Long-term Potentiation 


Long-term potentiation has early and late phases. The early 
LTP, produced by a single train of stimuli, has a transient 
effect but late LTP, induced by a prolonged train of stimuh, 
has a prolonged effect and it involves protein synthesis with 
formation of new synapses and enlargement of dendritic 
spines. 

The early LTP is concerned with induction of LTP 
whereas late LTP is concerned with maintenance of 
synaptic enhancement. 

Experiments with rats revealed that LTP with involve- 
ment of NMDA receptors, is required for spatial learning 
and memory. In rats with genetic alteration causing absence 
of NMDA receptors, these spatial learning and memory 
functions are absent. This proves the close functional 
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Fig. 102.1: Synaptic connection in hippocampus. 
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relationship between NMDA becoptors and LEP causing 
Spatial learning and Memory, Cells in hippocampus called 
oe cells" and “grid cells” are instrumental inthis spatial 
Seon tis believed that Spatial maps of the surrounding 
eNVironMeNt are incorporated in the hippocampus, 


Molecular Mechanism of Long-term Memory 


The early and late phases of LTP have different molecular 
mechanisms: 


During Early Phase (Fig. 102.2) 


During weak low-frequency stimulation, glutamate is 
released from the presynaptic neurons. This glutamate 
acts on AMPA and NMDA receptors on the postsynaptic 
neuron. Na’ and Kk’ ions pass across AMPA receptors but 
they cannot pass through NMDA receptors because Mg" 
blocks the pore of the receptor. 

However, when the weak stimulation in the presynaptic 
neuron is coupled with a strong stimulation in the post- 
Synaptic neuron that produces a large depolarization, 
the Mg’-block in NMDA receptor is removed. Cat now 
flows through this channel and activates several second 
messenger pathways. Thus, it activates Ca-calmodulin- 
dependent protein kinase II (CaMKII), PKC, and tyrosine 
kinase pathways. Ultimately, more AMPA receptors migrate 
to the postsynaptic membrane increasing the strength of 
current flow through them. 

At the same time, it is believed that a retrograde 
signal (which may be NO) passes from the postsynaptic 
neuron to the presynaptic neuron causing greater release 
of transmitter from the presynaptic neuron. These cellular 
events occur during this early phase of LTP. 


During Late Phase of Long-term Potentiation 


Repeated tetanic stimulation causes increased Ca** 
influx through NMDA receptors (see above). This triggers 
activation of adenylyl cyclase and production of cAMP. This 
cAMP, in turn, activates PKA. PKA then activates MAPK 
which phosphorylates CREB-1. CREB-1 binds to CRE 
and causes transcription of effector proteins, resulting 
in synthesis of new synaptic connections. Concurrently, 
PKMG, a constitutively active isoform of PKC is produced. 
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Fig. 102.2: Molecular mechanism of long-term potentiation 
(1) Discharge of glutamate from synaptic vesicle. (2) Glutamate 
binds to AMPA and NMDA receptors. Depolarization of the 
postsynaptic neuron is caused by greater entry of Na~ than k- 
efflux through AMPA receptor. (3) This depolarization removes 
Mg** block of NMDA receptor and Ca** enters through it 
(4) Ca** activates Ca**-calmodulin protein kinase, protein kinase ¢ 
and tyrosine kinase. This causes long-term potentiation. (5) Ca~- 
calmodulin protein kinase mobilizes more AMPA receptors to 
cell surface. (6) The second messengers also cause release of NO. 
(7) NO acts as a retrograde neurotransmitter and exerts action on 
presynaptic membrane. 


As a result, number of AMPA receptors in postsynaptic 
membrane is permanently increased. A retrograde 
signal, possibly NO, passes to the presynaptic neuron 
and augments release of transmitters. These long-lasting 
synaptic changes help in maintaining long-term explicit 
memory. 
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4 smooth muscle is quite distinct from skeleta] or 
“anda muscle in many respects. It is much smaller 
having an average diameter of 2-10 and a length of 
59-400 p- Unlike skeletal muscle, one smooth muscle 
cer does not extend throughout the entire length of 
the muscle. 

» The sarcomere and Z-line are absent in smooth muscle. 
There are no regularly arranged myofibrils. Striations 
are absent due to the irregular arrangement of thick 
and thin filaments. 

In place of the Z-line, dense bodies composed 

of a-actinin protein, held together by intermediate 
filaments, are present. 
3. The thin filaments are attached to the dense bodies and 
they are oriented diagonally rather than parallel to the 
cell surface. Together with the dense body, this results 
in a diamond-shaped lattice-like network running 
across the muscle cell. As a result, the thin and thick 
filaments lie almost perpendicular to the long axis of 
the muscle. 

This arrangement has an important benefit. Due 
to such configuration, when the smooth muscle is 
strongly stretched (as in urinary bladder), it still retains 
its contractile property as the thin filaments do not 
move away from the thick filaments which would have 
occurred if these filaments were oriented parallel to the 
long axis of the muscle. 

* The thick filament is surrounded by 10-15 thin 
flaments—much greater in number than in skeletal 
muscle. The myosin cross-bridges are present 
throughout the entire length of the thick filament. 


ere is no central bare area as in skeletal or cardiac 
Muscle), 


Smooth Muscle 


ees 


9. Another important distinguishing feature is that the 


myosin heads all along the thick filament on one side 
pull the thin filament in one direction while the myosin 
cross-bridges all along the same thick filament on 
the other side pull the thin filament in the opposite 
direction. This increases shortening of the muscle fiber. 


ll EXCITATION- CONTRACTION COUPLING 


Excitation-contraction coupling of smooth muscle takes 
place in three ways: 


1, 


i) 


Electromechanical coupling: 
Here, action potentials (AP) running along the 
sarcolemma causes opening of voltage-sensitive Ca™ 
channels. (These are actually DHP receptors). As a 
result Ca** enters into the cell. 

This Ca**, by itself, is small in amount but it induces 
further release of Ca** from sarcoplasmic reticulum, 
thereby increasing cytosolic Ca*t concentration. 

Again, the cytosolic Ca**, although small, can cause 
contraction of the smooth muscle cell because of the 
remarkably small size of smooth muscle cell. 


. Pharmacomechanical coupling: 


i. Here, chemical agents like hormones/neurotrans- 
mitters bind with ligand-gated Ca*’ channels and 
causes opening of these channels. Ca" enters into 
cytosol, raising cytosolic Ca‘* concentration and 
this ultimately leads to contraction. 

ii, Alternatively, hormones or neurotransmitters bind 
with specific receptors and activate G protein- 
coupled phosphoinositide pathway. The IP, 
generated, binds to IP,-sensitive receptors (which 
are Ca'' channels) in sarcoplasmic reticulum. The 
Ca‘! channels open leading to outpouring of Ca" 
ions into the cytosol. Cytosolic Ca"' concentration 
is raised and this leads to contraction. 


4. Mechano-mechanical coupling: 
Here, stretch-sensitive Ca" 


channels open when the 
smooth muscle is stre 


tched, So, on being stretched, 
Ca™ enters into cytosol. Cytosolic Ca’? concentration 
is elevated leading to muscle contraction. 


B MECHANISM OF CONTRACTION 


\. The mechanism of contraction in smooth muscle cell 
is quite distinct. Smooth muscle cells do not have 
any troponin. So, there is no troponin-tropomyosin 
complex which, by conformational change, could alter 
the position of tropomyosin uncovering the myosin- 
binding sites on the thin filament so that actin-myosin 
binding could take place. 

- In place of troponin, a Ca-binding protein called 
calmodulin is present in the cytosol. When there is a rise 
in intracellular Ca™, it binds with calmodulin forming 
a Ca™-calmodulin complex. This complex activates 
an enzyme called myosin light-chain kinase (MLCK) 
which phosphorylates the light chains around the 
myosin head. This phosphorylation makes the myosin 
head highly active and it can now bind to actin. 

So, in smooth muscle, myosin binds to actin by a 
“chemical” activation whereas in skeletal muscle, myosin 
binds to actin by a “physical” change, i.e. displacement of 
tropomyosin. 
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Wf TYPES OF SMOOTH MUSCLE 


1. Smooth muscles are of two types: (1) single unit and 
(2) multiunit. Single unit smooth muscles consist of 
large number of muscle cells forming a functional 
syncytium being linked by numerous gap junctions. 
This type of smooth muscle is seen in the gut, ureter, 
uterus, etc. 

2. In contrast, multiunit smooth muscles are discrete, 
with fewer or no gap junctions. Each muscle cell 
is innervated separately. This type of muscle cell is 
capable of fine, graded contraction. Example is muscle 
of the iris and ciliary muscles of the eye. 

3. Multiunit smooth muscle contracts following stimula- 
tion by a nerve. So, contraction in this type of muscle 
is neurogenic. 

In contrast, single unit smooth muscle contracts 
following stimulation triggered by other self-excitable 
modified muscle cells (pacemaker cells). In other 
words, contraction in this type of smooth muscle is 
myogenic. 

4, Action potentials initiated by the pacemaker cells spread 
instantaneously to other cells through numerous gap 
junctions. As a result, all cells contract simultaneously 
functioning as a single unit and hence the name. 
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5. The pacemaker cells have a fluctuating membr,,., 
potential and they depolarize spontaneously 4, 
to jonic fluxes. When the depolarization rea, bite 
threshold, AP results. 

After repolarization ts ¢ omplete, the cell again a, 
polarizes spontaneously to reach the threshold 1. 
this way, the muscle contracts in a regular, rhythm;, 
fashion. 

6. Another type of pacemaker activity called slow way. 
potential, is seen in muscles of gastrointestinal trac; 
Here, there is alternate depolarization and hyperpola; 
ization. AP occurs in bursts if the depolarization reache- 
threshold. 

_ It has already been explained that even when the 
smooth muscle is stretched to a much greater length 
it retains its contractile power. 


~] 


 STRESS-RELAXATION 


1. Smooth muscle has another property called “stress 
relaxation” This means that tension in the smooth 
muscle rises appreciably on stretching but after some 
time, the tension comes back to the original value due 
to inherent relaxation. 

Due to the above property, the volume of a hollow 
viscus made up of smooth muscle, can increase to 2 
large value with very little change in tension. The filling 
of the urinary bladder with urine is a fine example. 
Thus, it has the capacity to hold a large volume of 
contents without increased tension. 

Again, because the smooth muscle retains its con- 
tractile properties even when stretched considerably, 
the fully filled urinary bladder can empvy its contents 
without difficulty. 

From the above, it is obvious that smooth muscles 
do not show the typical length-tension relationship as 
seen in skeletal or cardiac muscle. 

2. It has been shown that a smooth muscle can function 
normally when its length varies from half to as high 
as 2.5 times the normal length. Obviously, this range 
of normal functioning is much greater than that ina 
skeletal muscle. 


Bf LATCH PHENOMENON 


After cross-bridge cycling and development of force. the 
light chains are dephosphorylated by myosin light chain 
phosphatase (MLCP) but this does not always ‘ead to 
relaxation. During tonic contraction of smoott muscle. 
low Ca" level may coexist with a state of slow cross bridge 
cycling when the cross-bridges stay attached (latched) 10 
the thin filaments for a much longer period than (hat in 
a skeletal muscle. This is known as latch phenomenon 
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qcreasing intracellular [Ca**]. This is called pharma- 
com echanical coupling (see above). 
Contraction of smooth muscle requires phosphorylation 
"of myosin light chain by MLCK (myosin light chain 
,inase) in presence of Ca** ions. 
; intracellular Ca* plays a key role in inducing muscle 
. contraction by activating MLCK via the formation of 
‘ Ca*-calmodulin complex. (Calmodulin is present 
in smooth muscle in place of troponin). This causes a 
sharp rise in force of contraction followed by return to 
paseline level. This is called phasic contraction. 
MP (myosin phosphatase or myosin light chain phos- 
phatase) is an enzyme which causes dephosphorylation 
of myosin cross-bridge. Dephosphorylation of myosin 
cross-bridge by MP in presence of lower Ca** concentra- 
tion induces latch-bridge formation where: 
3. The rate of cross-bridge cycling is slower 
b. Cross-bridge phosphorylation is reduced to only 
20-30%. 


2 


c. ATP requirement is much less but force of 


contraction is maintained at a high level. 

This state is required for a tonic contraction. 
Complete muscle relaxation occurs only when 
(Ca’’] falls to sufficiently low levels. 

A monomeric G-protein RhoA and the enzyme 
Rho kinase (ROK) inhibit MP and activate smooth 
muscle contraction by increasing MLCK activity. ROK 
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inhibitors have been shown to relieve vasospasm in the | 


brain and heart. 
6. Intracellular Ca** concentration is increased by: 


a. Activation of voltage-gated Ca** channels by an AP. | 
b. Activation of receptors by hormones/agonists — 


which: 
i. Open Ca** channel in sarcolemma. 
iii Open IP,-gated Ca™* channels in sarcoplasmic 
reticulum (SR). 
Hormones/agonists bind to receptors in sarcolemma 
one activate Phospholipase C (via a G protein). The 
activated phospholipase C breaks down the membrane 





- . - usd 
Phospholipid PIP. into IP, and DAG This Ip, ae" 


Messenger, hinds © ia rec eptor in SB and releases CA 
Into cytosol from SK 

This mechanism is utilized by norepinephrine on 
cause vascular smooth muscle contraction as it acts OF 
a,-receptors following sympathetic nerve stismulauor 
Angiotensin Il, vasopressin and endothelin alec, stisrmalate 
this IP_- mediated Ca*’-release pathway from $B to produce 
vascular smooth muscle contraction. 


{ DETAILED MECHANISMS OF SMOOTH 
MUSCLE RELAXATION 


1. Sarcoplasmic reticulum also contains 2 ryanodine 
receptor (RYR). This ryanodine receptor is 2 Ca - 
dependent Ca~ channel. An arachidonic acid metabo 
lite opens this KYR channel to cause localized rise 
Ca™- concentration called Ca~ sparks. These Ca~ sparks. 
in turn, activate a sarcolemmal Ca~-gated K channel 
which is also known as a big K~ channel because of its 
high K- conductance. K* efflux through this channel 
causes hyperpolarization of the muscle cell and this 
results in relaxation of the smooth muscie- (Thus, rs€ 
in intracellular Ca~ can paradoxically cause relax2no0n 
of smooth muscle.) 

2. A Ca~-channel in sarcolemma, lying adjacent to the 
junctional SR, is involved in direct refilling of Ca~ ioms 
into the SR from the extracellular space- 

3. Intracellular Ca~ is decreased by- 

i. SERCA (a Ca~-ATPase pump located in SR) which 
pumps Ca~ from cytosol into SR 

ii; A sarcolemmal Na~/Ca~ exchanger 
iii, A Ca~-ATPase in sarcolemma. 

The last two proteins help in extruding Ca~ out of the 

muscle cell. The decrease in intracellular [Ca~] heips 

in muscle relaxation. 

4. Smooth muscle relaxation is also caused by several 
other mechanisms. These are- 

a. Closure of voltage-gated Ca~ channels in sar- 
colemma. This occurs in case of dihydropymdine 
class of Ca~-channel blockers. 

b. Opening of a sarcolemma! K~ channel! which causes 
hyperpolarization due to K~ efflux. Hydralazine 
causes relaxation of smooth muscle in this way. 

c. intracellular rise in cyclic guanosine monophosphate 
(cGMP) mediated by NO. Acetyicholine and some 
other vasodilator agents cause vasodilation in this 
way by increasing production of NO. 

Cyclic guanosine monophosphate produces 
muscle relaxation by- 
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«, Severe exercise releases adenosine from cells, which 
° eas “- ¢ vasodilation by activating garcolemmal| 


Cyclic adenosine monophosphate (cAMP) causes ee gic receptors, thereby increasing intra- 
a cAMP-dependent phosphorylation of MLCK, purinerg MP Also adenosine opens a sarcolemmal 
This antagonizes Ca**-dependent activation of cellular CAMP. 680; sacha 

aad ia : K* channel causing hyperpolarization. 


MLCK which produces contraction. cAMP also 
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pffect of exercise on CVS 


pffect of exercise on respiratory system 
of exercise on BP 


See page 220 


0, debt 
See page 57 


EFFECT OF TRAINING IN ATHLETES 


In athletes, training considerably improves their capability 
of performing exercise. The various effects of exercise on 
different organ systems, are briefly as follows: 

1. Effect on muscles: Training may cause significant 
hypertrophy of muscles. Muscle hypertrophy is asso- 
ciated with: 

a. Increase in number of contractile proteins. 

b. Increase in number of mitochondria and oxidative 
enzyme content. 

c. Increase in amount of phosphocreatine. 

d. Increase in amount of stored glycogen. 

All these factors increase the ability of the muscles 
to perform anaerobic as well as aerobic exercise. 

2. Effect on respiratory system: 

a. O, consumption of an athlete may increase about 
20-fold during maximal exercise. 

b. The diffusing capacity of O, increases appreciably 
during maximal exercise especially in a trained 
athlete. This is because, during exercise, many 
pulmonary capillaries which remain collapsed 
in the resting state, are recruited. As a result, 
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much greater surface area is now available for gas 
exchange and this increases diffusing capacity. 

c. Notwithstanding the elevated O, consumption !n 
exercise, concentration of blood gases are main- 
tained at a normal level by increased pulmonary 
ventilation. 

d. During maximal exercise, pulmonary ventilation 1s 
well below the maximal breathing capacity. So the 
respiratory system does not normally limit maximal 
oxygen consumption during exercise. 


. On VO, max (see below). 
_ Effect on cardiovascular system: T raining, in endur- 


ance athletes, increases their cardiac output by 40%. 
This is due to 40% increase in volume of cardiac cham- 
bers as well as 40% increase in cardiac muscle mass. 

At rest, stroke volume is considerably increased but 
this is coupled with a decrease in heart rate so that 
resting cardiac output is normal. 

During strenuous exercise, the cardiac output is 
increased from 5 L/min to 30 L/min. The stroke volume 
increases by only 50% but the heart rate increases three- 
to four-fold. 


. Electrolyte balance: Strenuous exercise is accompanied 


by excessive sweating and sodium loss. Adaptation 
to this occurs in regular training when aldosterone 
secretion increases leading to diminution of sodium 
loss from sweat glands. 


§j vo, MAX 


1. Definition and values: Itis the maximal O, consumption 


by the tissues in strenuous exercise. Its value in anormal 
untrained male is about 3.5 L/min whereas in a male 
marathon runner, VO, max is about 5 L/min. It is to be 
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noted in this context that the resting O, consumption ff FATIGUE 


is only 250 mL/min, 


. Factors determining VO, max: Although VO , nax is 


maximal O, consumption, it is not much influenced 

by respiratory factors. The principal factors influencing 

VO, max are: 

a. Factors helping in O, utilization, e.g. number of 
mitochondria, oxidative enzyme content, capillary 
density, ete. 

b. Cardiovascular factors determining cardiac output, 
such as stroke volume, end-diastolic volume, heart 
rate, etc. These two groups of factors obviously 
determine the amount of 0, consumption by the 
tissues. 


3. Limiting factors: 


a. One should note that, in achieving VO, max, 
a pulmonary ventilation of about 100 L/min 
is sufficient whereas the maximum voluntary 
ventilation (MVV) is150-170 L/min. This shows that 
the respiratory system does not limit VO, max. 

b. On the other hand, in strenuous exercise, stroke 
volume and heart rate almost reach their maximum 
limits. So, the maximum O,-delivering capacity of 
the cardiovascular system is almost fully utilized 
when VO, max is reached. The obvious conclusion 
is that VO, max is, in fact, limited by cardiovascular 
factors. 

c. This is further supported by the fact that in persons 
with cardiac diseases, the ability to perform exercise 
is grossly compromised. 


4. Effect of training: 


a. Training improves O, extraction significantly by 
increasing the number of mitochondria, metabolic 
enzyme content, and capillary density. 

b. In addition to this, training increases stroke volume 
and cardiac output by increasing cardiac size. Since 
VO, max is the product of maximal cardiac output 
and maximal O, extraction, training, by increasing 
both the parameters, increases VO, max. 

c. However, it is observed that short-term training 
increases VO, max by 10%. Very high VO, max (40% 
greater than normal) is made possible through 
long-term training and genetic factors. 

d. An important benefit of training is that, due to 
greater O, extraction, a trained person requires 
lower cardiac output and heart rate to perform a 
given workload. That is why regulated exercise is 
beneficial to cardiac patients. 


Fatigue may occur 
a number of factors 
bs 


- Failure to rele 


- Central nervous system 


after prolonged or severe exercise due ty 


as follows: 

When supply of ATP fails to match its increased 
demand, muscle fatigue may occur 

H' ions and phosphates, on accumulation in muscle 


may interfere with the function of contractile elements 
c 


and cause muscle fatigue. | | 
ase Ca’* from terminal cistern in pro. 


longed exercise may cause fatigue. 
(CNS) factors can delay the 
onset of fatigue through motivation. So, absence of 


motivational factors may hasten onset of fatigue. 


. Low VO, max predisposes to early onset of fatigue. 
_ Exhaustion of phosphocreatine stores will lead to 


fatigue in acute severe exercise whereas prolonged 
anaerobic exercise will be limited by amount of stored 
glycogen in the body. _— 
Accumulation of lactic acid will limit medium 
intensity exercise having a duration up to 3-4 minutes 
as this type of exercise obtains energy mainly from 


anaerobic glycolysis. 


fj ENDURANCE 


Endurance is the ability of the body to perform sustained 
exercise for prolonged periods. Fatigue and endurance are, 
in a sense, opposite to each other. 

Factors influencing endurance include: 


i? 


2. 


Strength of muscles: Weak muscles predispose to early 
fatigue and reduced endurance. 

VO, max: A higher VO, max is associated, quite 
obviously, with greater endurance. 


. Pacing of exercise: For optimum endurance, particularly 


in arace, an athlete should pace his exercise properly. 
A too rapid pace initially, may cause premature exhaus- 
tion. On the other hand, a too slow pace at the begin- 
ning is not useful as it is impossible to make this up by 
later acceleration. 


. Motivation: It is a very important factor in increasing 


endurance. Proper motivation brings out the bestinan 
athlete. So, it is not surprising that athletes frequently 
come up with record-breaking performances in major 
sporting events. Also, it has been found that cheering by 
spectators can have a positive impact on the endurance 
of athletes. 


. Skill: Proper training can educate an athlete to evelop 


skill and perform more efficiently and this increases 
endurance. 
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vaiyen ergy expenditure and caloric input in the form 
Ines intake should be balanced to keep body weight at 
af Sail level. The daily energy expenditure and caloric 
100 a vary ona single day but the energy balance and 
a weight are Very well maintained in the longer term. 
ood intake is regulated by several hypothalamic 
-eniteTs which secrete blood-borne hormones. On the 
whet hand, several gut-related factors control food intake 
»« regulating short-term feeding behavior. 


J FEEDING CENTER AND SATIETY CENTER 


Food intake is regulated by appetite centers which stimulate 
‘ood intake whereas feeding is decreased by satiety centers 
which indicate that further food intake is not necessary. 
Early classical studies showed that there are two 
centers in hypothalamus: 
|. One situated in the lateral part of hypothalamus is the 
feeding center. When stimulated, it increases feeding. 
2. Normally, it is kept in check or inhibited by the satiety 
center present in the ventromedial nucleus. Lesion 
of the ventromedial nucleus removes the inhibitory 
effect on the feeding center and excessive eating leads 
to hypothalamic obesity. 


I GLUCOSTATIC HYPOTHESIS 


ltstates that the activity of satiety center in the ventromedial 

ducleus of hypothalamus depends on glucose uptake by its 
heurons, 

a. hypoglycemia, when glucose u ptake is low, the 

ai satiety center is depressed. So, feeding increases 

0 Joss of inhibition of the feeding center. 
" ah erie mellitus, there is low glucose uptake and 
n in the satiety center due to lack of insulin. Ihis 


Food Intake and Satiety 


i 


leads to diminished activity of the satiety center and there 


is consequent polyphagia. 


B ROLE OF ARCUATE NUCLEUS (FIG. 105.1) 


The arcuate nucleus in the hypothalamus contains two sets 
of neurons with opposite functions related to appetite and 
satiety. One set of neurons secretes neuropeptide Y and 
agouti-related peptide (AGRP) which stimulate appedute. 
The other set of neurons secretes proopiomelanocorun 
(POMC) and cocaine and amphetamine-related transcript 
(CART) which suppress appetite. 

These neurons send signals to contro 
response to other blood-borne hormones, notably leptin 
and insulin. These outgoing signals are transmitted to other 
areas of hypothalamus including lateral hypothalamic area 
(LHA), perifornical area (PFA) and paraventricular nucleus. 

Lateral hypothalamic area and perifornical area receive 
appetite-stimulating influence from neuropeptide Y and 
AGRP whereas paraventricular nucleus receives appette- 
suppressing influence from POMC and CART. The LHA 
and PFA in turn, stimulates appetite by secreting orexins 
and melanin concentrating hormone (MCH) which are 
appetite stimulants. By contrast, paraventricular nucleus 
suppresses appetite by secreting corticotropin-releasing 
hormone (CRH), thyrotropn releasing hormone (TRH) and 


oxytocin. 


Cc! 
} Bee 


The two centrally acting hormones regulating tood intake 


| appetite in 


TIN AND INSULIN 


are leptin and insulin, 

Leptin, an adipokine secreted from the adipose 
tissue, has a pivotal role in regulation of body weight. 
Leptin secretion is directly proportional to the total body 
fat content. Increased level of leptin secretion suppresses 


Long term 
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Fig. 105.1: Regulation of food intake. 


(FFA: free fatty acid; NPY: neuropeptide Y; AGRP: agouti-related peptide; LHA: lateral hypothalamic area; PFA: perifornical area; MSH: melanocyte 
stimulating hormone; CART: cocaine and amphetamine-related transcript; PVN: paraventricular nucleus; MCH: melanin concentrating hormone CRH: 
corticotropin-releasing hormone; TRH: thyrotropin releasing hormone; NTS: nucleus tractus solitarius; DMN: dorsal motor nucleus; CCK: cholecystoxinin; 


PYY: peptide YY) 


appetite, thus acting in a negative feedback manner to 
control body weight. Conversely, decreased level of leptin 
in thin individuals, stimulates appetite which causes weight 
gain. Leptin plays an excellent role in long-term control of 
body weight by matching energy intake and expenditure 
on a long-term basis. 

Leptin suppresses appetite by inhibiting neuropeptide 
Y and AGRP and by stimulating the production of a-MSH 
from its precursor POMC and also CART. 

Proopiomelanocortin-secreting neurons produce 
a-MSH by breakdown of POMC. This a-MSH stimulates 
melanocortin receptors MC3R and MCAR, causing 


anorexia. 


Conversely, AGRP inhibits melanocortin receptors and 
thus antagonizes the appetite-decreasing effects of «- \1SH, 
ultimately leading to increased appetite. 

Although leptin reduces appetite and causes \ 
loss, obese patients have been found with high lept: 
They perhaps have leptin resistance with probable .v ect 
in leptin receptors. This may explain their obesity 1” spite 
of the higher leptin level (which increases as a resu!t of 
negative feedback caused by defective leptin recep\0" 

Insulin is another hormone which exerts @ (0g 
term control on body weight. When supply of food and 
nutrients increase following a meal, insulin is secrete « 
it stimulates assimilation and storage of the foodstutls. 


joht 


E vel. 


Chapter 105. 


———— 
OE 


—_—er , 
—~ eautrients absorbed in the body aga result of 
da = ° inhibits neuropeptide Y-secreting Neurons 
‘ action jus and suppresses Appetite, Thus, like 
a pothalam a negative feedback fashion, Modifying 
al al acts 


nf lays an important role in regulation of body 
sq te * 
VC 


‘ 


vei 


ht gs leptin level remains relatively unchanged in 
‘whereas ily changes of nutrient Intake, insulin level 
face of anaes in response to dietary intake of food. 
ae rapide that leptin is a long-term central] 
sug BP ile insulin, also acting centrally, 
jator W ¢ food intake. 
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Accor pears to be located in the posterior vagal 
ty center p nuclei like nucleus tractus solitarius 
Ee ke eT olor nucleus (DMN) and area postrema 
NTS): 2 eaeaulavion of this area depresses appetite and 
ent. 
e pres 


t does not feel like eating (feels satiated). 
subjec 


y acting 
is a short-term 
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g cuT FACTORS 


these various hormones and chemical factors 

Apart from 1 food intake by centrally acting ee 
which come hormones are secreted from the gut whic 
several Seiad on a short-term basis. 
influence fee ne such hormone which is secreted from 

Ghrelin is 7 acts as an appetite stimulant. Its secretion 
the stomach an alue before meals. This stimulates hunger 
reaches apes i aes On intake of food, its level falls. It is 
a. wean by a stimulant effect on neurons 

elieve 
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satiety and thus it regulates food esengee i 
d from the duodenum and actively a oui 
digestion of food in intestine. It is appropriate the 
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degree of digestion 


«yntomodulin 
Glucagon-like peptide | (GLP-1) and co ceeaeetaie 
dre two more recently discovered satiety -p 
hormones, in addition to CCK. 


i OTHER FACTORS 


‘ chemical 
Apart from the abovementioned aioe ee aaa 
factors, various psychological, og eck canine 
factors play a role in appetite regulation 7 - ceae « ae 
For an example, we often take two ane acai 
out of habit rather than the pny - aia 
i j 5 nd sme 
with enjoyable taste a | on cig ind 
aeemaun eaee: our food intake often 
; such as 
ea tie other hand, ee 
: i 
anxiety, depression, etc. reduce food inta "in aek taal 
All these diverse factors modify app capnatinaale 
intake with the ultimate objective of ee atic ccd 
“Aa expenditure, thus helping to maintain 
body weight. 
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B MOTOR CORTEX 


The medial and lateral parts of premotor area appear to 
have differing functions. The medial premotor area is 
concerned with movements which are self-initiated and 
internally generated, e.g. sequence of movements learnt 
and stored in memory. 

This area consists of two different functional areas, the 
caudally located supplementary motor area (SMA) and the 
rostral presupplementary motor area (pre-SMA). 

The SMA is concerned with performance of complex 
sequences of movements. Mental rehearsal prior to a 
movement is characterized by increased activity of this area. 

On the other hand, the lateral premotor area generates 
movements which are guided by visual cues. Two types 
of movements—(1) reaching and (2) grasping (aided by 
external visual cues) are performed with the help of this 
cortical area. 

“Grasping” requires visual information about the size 
and shape of the object to be grasped. This taskis performed 
with the help of visuomotor pathways arising from occipital 
cortex and ending in the ventral part of lateral premotor 
area. 

On the other hand, visually guided “reaching” requires 
an accurate knowledge about the location of the object. 
Tasks like this are assisted by visuomotor pathways arising 
from occipital cortex and ending in the dorsal part of lateral 
premotor area. 

Both these pathways pass through relays in the parietal 
lobe which modulates their activities. 

An important aspect of functioning of premotor area 
is that, in contrast to direct performance of movement 
by motor neurons of primary motor cortex, neurons in 
premotor area fire a little before the actual movement 


More about Cerebral Cortex 





suggesting that they actually encode the “intention” of the 
movement and are also concerned with selection from 
related movements. 

The ventral part of lateral premotor area contains a 
unique group of neurons called the mirror neurons, so 
named because they discharge not only during perfor- 
mance of a specific task but also discharge while viewing 
others to perform the same task. 


Bl SENSORY CORTEX 


The primary somatosensory cortex (SI) consists of 
Brodmann’s areas 3a, 3b, 1, and 2. Although all these areas 
have separate somatotopic maps representing the whole 
body, these four areas subserve specific sensory modalities. 

Thus, area 3a respond to proprioceptive senses, area 
3b and 1 receive cutaneous sensations whereas area 2 
represents a mixture of the two. 

Of these areas, area 3b receives the bulk of sensory 
afferents and sends a correspondingly large efferent 
output to areas 1 and 2. Area 1 is believed to sense texture 
of objects whereas area 2 preferentially senses size and 
shape of object. 

All these four areas project to secondary somatosensory 
cortex (SII), a higher order sensory cortex situated in the 
upper bank of lateral sulcus. SII again projects to amygd 1! 4 
and hippocampus. They probably link sensory perceptions 
with emotion and memory respectively. 

Area 2 also projects to areas 5a and 7b located in the 
parietal cortex. These parietal areas again project bac} 
motor and premotor areas. These interconnections are « - 
basis of sensorimotor coordination. A nice example is © 
linking of proprioceptive feedback needed by the mus: 
to adjust their contractile function. 
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i NEUROIMAGING a 


NO important Procedures namely positron emission 
‘Omography (PET) and functiona) MRI (fMRI) have 
IIVEStigators to determine blood flow to different 

PATS Of the brain during specific activities. Some of the 

rations that came to light, are as follows: 

2 Blood flow to the left motor cortex increased during a 
‘ask performed with the right hand. 

4. A sequence of movements increased blood flow to 
Supplementary motor area 

“ During talking, sensory and motor areas involving 
tongue, mouth, etc. (parts involved with speech) had 
increased blood flow. 

d. Intellecmal activities such as problem solving, reason- 
ing, ect. increased blood flow to areas of premotor or 
Tontel cortex. | 

© Blood flow increased in categorical hemisphere during 
performance of a verbal task whereas blood flow to 
the representational hemisphere increased when 2 
visuospatial task is performed. | 
These observations not only indicated variations in 

blood flow in different areas in different activities, they 
also helped in pinpointing areas which wok active part m 
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Bf FUNCTION OF SLEEP 


The function of sleep is a matter of great conjecture and 
debate. Various interesting theories have been proposed 
to explain the usefulness of sleep on function of brain. 
Previously, it was believed that brain cells “rested” during 
sleep but more recent studies indicate that brain neurons 
show altered pattern of activity which is not necessarily 
“absent” 

According to “rest and recovery” hypothesis, sleep 
provides time to the brain to recover and restore the 
deficient chemical substances which are decreased in 
concentration due to prolonged and persistent action of 
brain neurons during wakefulness. 

One accumulating compound is adenosine which may 
be produced by the breakdown of ATP, the energy currency 
and which may have increased in concentration during 
prolonged activity. It has been shown that adenosine 
inhibits arousal center and induces sleep during which the 
broken down compounds may be recovered. In contrast, 
caffeine which inhibits the receptors of adenosine produces 
wakefulness. 

On the same line, it has been hypothesized that sleep 
provides time for “detoxification” of brain tissues which 
have been affected by the effect of toxic free radicals. 

One presumed function of sleep is to conserve energy. 
During the awake state, energy consumption is at least 10% 
higher than that during sleep. So, over a prolonged period, 
sleep preserves energy by a significant amount. 

Sleep may afford protection to the animal. By sleeping 
through the vulnerable period, e.g. during night, (in some 
cases, it may be daytime) the animal can escape attack 
from its predators or avoid unfavorable environmental 
conditions. 

According to some scientists, persistent wakefulness 
downregulates receptors of serotonin and norepinephrine. 


More about Sleep 





Sensitivity of these neurotransmitters in brain are restored 
by sleep, especially of the rapid-eye-movement ( REM) type. 
A novel theory proposed, links the function of sleep 
with the formation of new synapses and other structural 
changes required for growth and memory storage. These 
activities are prominent in growing infants and this js 
perhaps the reason that they require sleep so much. 

This also explains why adults with much reduced 
degree of neuronal growth or synaptic changes require 
less sleep. It also explains why consolidation of memory is 
thoughtto occur during sleep. Incidentally, REM sleep helps 
consolidating procedural memories whereas declarative 
memories are consolidated during NREM sleep. 

Another theory proposes that sleep reorganizes the 
experiences acquired during wakefulness. This is probably 
why sleep is often useful for taking correct decisions. 

In another hypothesis, it is suggested that over time, the 
huge amounts of long-term potentiation and other synaptic 
activity gradually decrease the ability of a person to form 
new synapses and new learning capabilities. Sleep, it is 
presumed, recalibrates the synaptic strength by decreasing 
their intensity throughout the brain. It is hypothesized that 
this reduction of synaptic strength throughout the brain 
not only enables establishment of new synaptic pathways 
but also eliminate the unwanted superficial synaptic 
stimulations, allowing only the important powerful 
synaptic activities in the brain to persist. 


M ROLE OF NEURONS IN NREM SLEEP 


In NREM sleep, there is rhythmic firing of thalamoco:tical 
neurons. This, in turn, leads to synchronized svi aptic 
potentials in cortical neurons which cause the slow \\ .ves 
of NREM sleep. The rhythmic firing of thalamoco: ‘ical 


neurons in NREM sleep is caused by the following seg. ace 
of events: 
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oxide, etc. are called free radicals which are included 
in reactive oxygen species. These molecules attack and 
damage vital constituents of the body such as proteins, 
lipids, and deoxyribonucleic acid (DNA). The oxidizing 
action of the reactive oxygen species is effectively but 
not completely antagonized by various enzymes such 
as superoxide dismutase, catalase, glutathione per- 
oxidase and antioxidants such as vitamins C, E, etc. It 
is believed that the harmful effects of reactive oxygen 


B AGING 


Definition: Aging is age-related progressive deterioration 
in the physiological functions of the body resulting in 
gradual diminution of the ability to survive. 


Theories of Aging 


Many theories try to explain the aging process. These are: 
1. Mutation accumulation theory: In this theory, it is 


postulated that deleterious mutations in the genome 
in young individuals leading to ill health or death will 
not be passed to the next generation as these will be 
eliminated by natural selection. But the deleterious 
mutations that first occur past the reproductive age, are 
transmitted to the genes of their offspring as mutations 
do not occur until after the reproductive age. However, 
these late harmful mutations occur and accumulate 
after reproductive age and this leads to aging. 

. Antagonistic pleiotropy: This theory postulates that 
genes that will lead to harmful mutations in an 
advanced age only ensure a stronger ability to survive 
and stay fit in early life to produce progeny. The 
mutations with deleterious effects in late life lead to 
aging and the antagonistic properties of early and late 
age are known as antagonistic pleiotropy. 

. The disposable soma theory: This theory suggests that 
the main life objective of an organism is reproduction. 
So, the energy produced by the body is expended more 
in reproductive activities than in maintenance of life. 
This diminished energy for maintenance ultimately 
brings on the deteriorative process of aging. 


species which are not fully neutralized may contribute 
to the aging process. 


_ Mitochondrial damage theory: Mitochondria is an 


important source of reactive oxygen species and 
sometimes, mitochondrial DNA is subjected to damage 
by the same reactive molecules. In consequence, the 
damaged mitochondria fail to produce adequate ATP 
and the malfunctioning cells cause aging. 


. Deoxyribonucleic acid damage theory: The cell is 


equipped with adequate machinery to repair the 
damage to DNA and mitochondrial DNA caused by 
external insults such as ionizing radiation, effect of 
toxic chemicals, reactive oxygen species, etc. However, 
when this balance between DNA damage and DNA 
repair is tilted in favor of the former, deterioration of 
cell function ensues and this may lead to aging. 


. Damage due to abnormal glycation: Reducing sugar 


such as glucose and amino groups of macromolecules 
undergo a series of reactions and molecular rearrange: 
ments leading to the formation of advanced glycation 
end-products or AGEs. Formation of AGEs contribute 
to degenerative changes such as stiffness of collagen, 
opacification of lens, etc. which are associated with 


Probable Molecular Mechanisms of Aging aging. 


1, Reactive oxygen species: Several highly reactive mole- | 5. Structural alteration of proteins: With increasing age. 
cules such as superoxide anions, hydroxyl radical, nitric processes such as isomerization, racemization, e: 
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Immunological theory: With age, there is a decline in 
immunological defenses, resulting in serious infections 
like pneumonia, malignancies and degenerative 
diseases like Alzheimer’s disease, etc. This disease 
burden ultimately contributes to the functional 
derangements of aging. 
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J CIRCADIAN RHYTHM 


The suprachiasmatic nucleus of hypothalamus has an 
internal mechanism acting as an internal clock and 
it behaves as an internal timekeeper of the body. The 
molecular mechanism of the internal clock is briefly as 
follows: 

Within the nuclei of neurons in suprachiasmatic 
nucleus, there are two transcription factors CLOCK and 
BMALI which act on specific gene segments of DNA to 
synthesize two clock proteins PER and CRY. 

As time elapses, the clock proteins slowly increase in 
quantity. When amount of these proteins reaches a critical 
threshold, these proteins enter the nucleus and inhibit the 
transcription factors CLOCK and BMALI. Inhibition of the 
transcription factors lead to reduced synthesis of the clock 
proteins themselves. 

Ultimately, when the clock proteins are no longer 
synthesized, they disappear and the inhibiting effect on 
the transcription factors ceases. 
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suprachiasinaan CyYHe neural output fram neurons I 
fthenes MC nucleus, One cycle takes about 26 hours 
4 Pete and this cycle ts coordinated with other « ycles 
Of the body, thus regulating the duration of various diurnal 
Variations in the body, which are known as the circadian 
rhythm. 

This internal biological clock with a25-hr cycle, is reset 
everyday by inputs from the environment like the light 
Cark cycle mediated by retinohypothalamic fibers and 
melatonin, This synchronization is necessary to readjust 
Circadian rhythms to environmental changes. 

Importance of this can be perceived in case of jet- 
lag when the incongruity between circadian rhythms 
(generated by body’s internal clock) and environmental 
cues leads to the typical symptoms of fatigue, sleepiness, 
Insomnia, irritability, depression, error in judgment, etc. 


i SPACE PHYSIOLOGY 


Effects of Acceleration 


1. During space travel, the astronauts experience accelera- 


tion forces during lift-off into the outer space. Similarly, 
they experience deceleration forces during reentry 
into the earth's atmosphere. Besides, they experience 
a zero gravity or microgravity environment when the 
spacecraft orbits in space. 

2. During lift-off, the astronauts experience up to 4 g 
forces in the spacecraft. To minimize the effect of g 
forces, the astronauts adopt a position so that g forces 
act perpendicular to their chest. High g forces are also 
experienced during ascent and descent of high speed 
aircrafts. 

3. During the acceleratory g forces, blood is shifted away 
from the head toward the legs. As a result, cerebral 
blood flow is reduced and oxygen supply to the brain 
is compromised. There is reduced preload, pooling of 
blood in the legs and reduced cardiac output. This may 
result in a blackout. 

4. However, an impending blackout is often preceded 
by loss of peripheral field of vision (narrowing of field 
of vision). There is also impaired color vision due to 
reduced blood flow to the retina. This phenomenon is 
called grayout. 

5. To counteract this, pilots of high speed aircrafts wear 
specially designed g suits which exert counterpressure 
on the legs and enhance venous return, increase 
preload and cardiac output, thus improving blood flow 
to the brain. 
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Effects of Microgravity 


1 


. In astronauts experiencing zero g or microgravity, 


there is redistribution of blood volume toward the 
head because the effect of gravity pulling blood toward 
the legs is absent. As a result, the preload increases. 
More fluid is filtered out into the interstitial space in 
the face. This results in the characteristic bloated facies 
of astronauts. 


. Atrial stretch leads to release of ANP. At the same 


time, ADH release also decreases as low pressure 
baroreceptors are stimulated by the increase in blood 
volume. The combined action of these two hormones 
results in Na‘ and water loss, which tend to counteract 
the volume overload. 


. Animportant finding in astronauts is motion sickness. 


This is due to conflicting sensory inputs to the brain 
from the vestibular system and peripheral propriocep- 
tors in absence of gravity. This motion sickness lasts 
for the first 4 days of space travel. Concurrently, the 
increased blood flow to the brain contributes to head- 
ache and nausea. 


. Other detrimental effects include low plasma and RBC 


volume, low water content in the body, diminished 
muscle mass and diminished bone mass. 


. To prevent these deleterious effects, astronauts are 


prescribed an exercise schedule like walking on a 
treadmill. At the same time, lower parts of their body 
are surrounded by a low pressure suit which tend to 


restore transmural pressure gradient across blood 
vessels in lower extremity to normal. 

Such measures simulate performance of exercise jn 
+1 g condition and this has been shown to be highly 
beneficial in preventing the unwanted effects of weight. 
lessness. 

The adverse effects of weightlessness that persist for 
some time in astronauts even after their return to 
earth, include decrease in blood volume and reduced 
tone of leg vessels. This results in diminished cardiac 
preload, reduced exercise capacity, and orthostatic 


disturbances. 
_ Several preventive measures are undertaken to reverse 


these harmful effects: 

i A short duration high intensity exercise which 
increases plasma albumin, plasma oncotic pressure 
and therefore increases plasma volume. However, 
astronauts require to be strongly motivated to follow 
this regime. 

ii, Promoting increased salt and water intake which 
however causes undesirable urination. 

iii, Attempts have also been made to periodically 
interrupt the prolonged exposure of astronauts 
to microgravity by subjecting them intermittently 
to ‘artificial gravity’ produced by centrifugal 
acceleration. 


8. After descent from the spacecraft, the astronauts are 


kept under close observation until they regain normal 
orthostatic function. 
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g THE CALCIUM CLOCK 


The molecular basis of pacemaker potential in cardiac 
muscle involving vans ion channels on the cell 
membrane, is called membrane clock” mechanism. 

However, recent studies show that another “Ca* clock” 
a echanism involving cyclic variation of intracellular Ca* 
jons, exists concurrently. 

According to this, Ca** released into the cytosol through 
caT (T-type Ca” channel) causes activation of amembrane 
Na‘-Ca** exchanger (NCX). 

Ca‘ ion is also released from sarcoplasmic reticulum 
in frequent “Ca** sparks”. This locally released Ca** (LCR) 
along with the Ca** coming through CaT, by acting on the 
NCX, causes extrusion of one Ca** ion while bringing in 3 
Na‘ ions into the cell. 

This cation entry causes depolarization with opening 
of CaL (L-type Ca** channel). When threshold is reached, 
Ca ion enters in large amounts into the cell via CaL (in 
the depolarization phase) and causes Ca**-dependent 
Ca* release from the ryanodine receptor of sarcoplasmic 
reticulum. This empties the Ca** content of sarcoplasmic 
reticulum. 

Part of this Ca** goes to other cells via gap junctions 
while part is recycled into the sarcoplasmic reticulum 
via SERCA which is constantly transferring Ca‘ into the 
sarcoplasmic reticulum from cytosol. Ca** gradually builds 
up within sarcoplasmic reticulum (during this period, the 
action potential is completed) and Ca‘ is then released by 
Ca* sparks of increasing intensity and these constitute the 
above mentioned LCR. 

This cyclic movement of Ca** ions taking place in a 
clock-like manner is called “Ca** clock’: 

The activity of the two clocks is, however, intimately 


connected to each other as can be seen if the steps of | 
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activity in these two clocks are examined carefully. So. if 1s 
also called “coupled clock” mechanism. 


Bj) MOLECULAR MECHANISM OF APOPTOSIS (FIG. 109.1) 


There are at least two pathways by which apoptos#s 
takes place. According to one pathway, external signals 
act on death receptors like Fas, DR3, D4, etc. present 
on plasma membrane. In case of Fas, it binds with the 
external ligand FasL. The receptor-ligand complex forms 
a trimer and attaches to an adapter protein called “Fas- 
associated protein with death domain (FADD): FADD, in 
turn, activates an initiator caspase namely caspase 8 from 
procaspase 8. This cleaves other proteins to form effector 
caspases like caspase 3 and 7. 

In another pathway (the mitochondrial pathway), 
external signals like deoxyribonucleic acid (DNA) damage, 
absence of growth factors, etc. are sensed by sensor 
proteins like BIM, BAD, BID, etc. The sensor proteims 
then activate pro-apoptotic proteins like BAX and BAK. 
Concurrently, synthesis of anti-apoptotic proteins like 
Bcl-2 is decreased. This leads to release of cytochrome C 
from the mitochondria into the cytosol where cytochrome 
c binds to apoptosis-activating factor-1l (APAF-1) and 
forms a heptameric wheel-like structure. This binds to 
the initiator caspase 9 which then activates executioner 
or effector caspases (caspases 3 and 6). These execufoner 
caspases cleave inhibitor of caspase-activated DNAase 
(ICAD) to produce DNAase enzymes which cleave DNA 
causing DNA fragmentation. Other caspases cleave 
gelsolin which disrupts actin filaments and deforms the 
cytoskeleton. 

Thus, the cell is broken down into apoptotic bodies 
which are readily cleared by phagocytosis before they can 
cause surrounding inflammation or undergo necrosis. 
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Fig. 109.1: Pathways of apoptosis. 
(ICAD: inhibitor of caspase activated DNAase; Apaf-1: apoptosis protease-activating factor-1; DR: death receptor; BAX, BAK: Pro-apoptotic factors) 


§f ST CHANGES IN MYOCARDIAL INFARCTION 


Myocardial infarction leads to three changes: 
1. Rapid repolarization of the infarcted area due to open- 
ing of K* channels. 
2. Declinein RMP (becomes less negative) because of low 
intracellular [K*] caused by K* exit from cell. 
3. Delayed depolarization in the area of infarct. This 
appears about 30 minutes after the onset of infarction. 

The rapid or early repolarization of the infarcted area 
makes the outer surface of the infarct more positive than 
the surrounding healthy area. So current flows “out of the 
infarct” to surrounding area. 

The delayed depolarization of the infarcted area also 
makes the outer surface of the infarct more positive than 
the surrounding healthy area. So, in this case also, current 
flows “out of the infarct” to surrounding area. 

In both these cases, current flows toward the ECG 
electrodes from the infarct during systole and this leads to 
elevation of the ST segment. 

On the other hand, the decline of RMP in the infarcted 
area during diastole causes current to flow into the area 
of infarct from the surrounding area, i.e. away from the 


ECG electrodes. So, the TP segment (which corresponds to 
diastole) is depressed. But, in ECG, this is manifested as an 
elevated ST segment. 

So, all the three changes will lead to an elevated ST 
segment and that is what is observed in ECG. 


Hl AQUAPORINS 


Aquaporins are water channel proteins which permit 
passage of water through cell membrane. There are, to date, 
13 types of aquaporins (aquaporin-0 to aquaporin-!2) 
isolated from various parts of the body. 

In the collecting tubule, ADH causes reabsorption 
of water by stimulating insertion of aquaporin-2 water 
channels in the luminal membrane. This absorbed water 
passes into the interstitial space through aquaporin-3 and 
aquaporin-4 located in basolateral membrane of the same 
epithelial cells of collecting tubule. 

Other important aquaporins include aquaporin-! 
which helps in water reabsorption from PCT and 
descending limb of loop of Henle. 

Aquaporin-4 is present in the brain and allows 
water absorption across blood-brain barrier. Apart from 


lating water permeability, some Garis 
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muscle cells. It's connected to the thin actin filament ; 
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at the same time, it is also connected to laminin-2 

in the extracellular matrix through a and B-subunits of 

ihe glycoprorenn dystroglycan which is present in th 
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"elle mbrane complexed with sarcoglycan, an 
sycoprotein having four subunits a, B, y, and 8. 
Oe these structural proteins help in Sstrengthenin 
and st abilizing the sarcolemma and prevent damage 7 
carcolemma following strong muscular contractions 
Deficiency of dystrophin occurs as an X-linked 
“ecessive disorder called Duchenne’s muscular dystroph 
ishich results in wasting and weakness of skeletal intel 
and may cause death by 30 years. 
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g REGULATION OF CCK-PZ SECRETION 


We have seen that CCK-PZ stimulates contraction of 

allbladder as well as release of pancreatic enzymes in 
response to presence of food in the intestine particularly 
amino acids and fatty acids. 

One should note that two peptides, one called CCK- 
releasing peptide (secreted from the intestine) and the 
other named monitoring peptide (secreted from the 
pancreas) regulate the amount of CCK secretion in a need- 
based manner as explained below. 

Thus, when food is present in the intestine, these CCK- 
releasing peptides escape digestion because of mixture 
with the food which bears the brunt of digestive enzymes. 
As a result, CCK secretion continues. But as soon as the 
digestion of food is complete, these peptides are themselves 
digested and absence of their action stops CCK secretion. 


fl] ALDOSTERONE AND ENaCs 


We have seen that aldosterone causes Na’ absorption and 
K* secretion in the distal tubules. Na* absorption occurs 
through epithelial Na* channels (ENaCs). Aldosterone also 
simultaneously stimulates two enzymes, one called SGK1 
(serum glucocorticoid-stimulated kinase) and the other 
called CAP] (channel-activating protease). Ihese enzymes, 
in turn, increase the activity of ENaCs, thereby promoting 
Na’ absorption, 
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B Potassium CHANNELS 


iT 

lAssium channels are the 
lannels distributed wide 

'ypes of K' lon channe 


most commonly found jon 

ly in the body. There are several 

|, Leak channels ( ‘ on ' " 

innslal 1 : 80 Known as “tandem pore domain 
resting ie i ype of K' channels helps in maintaining 
hotvens ’ she potential, When open, they allow 
ierihane, 0 . tons through thern across the cell 

sete and they are responsible for the high k 

‘ADITity of cell membrane at rest. 

Voltage-gated K* channels: this type of ion channel 

helps in repolarization of nerve cell or muscle cells 

Delayed rectifier K' channels belong to this category. 

They allow K’ exit from the cell at a positive membrane 

potential and cause repolarization. 

3. Inwardly rectifying K* channels: These are so called 
because they allow inward K’ current into the cell 
when the membrane potential goes below the “reversal 
potential” They usually remain closed at positive 
potentials and thus they have some role in prolonging 
phase 2 of cardiac action potential in working 
myocardial cells. However, they may allow outward K” 
current above the reversal potential. 

Apart from channels in cardiac tissue mentioned 
above, inwardly rectifying K* channels are present as: 

a. ROMK channels: These are present in renal outer 
medulla (ROM). They help in recycling of K" ions 
into the lumen after their absorption into the 
tubular cells in thick ascending limb of Henle’s loop 
(see p. 327). 

b. ATP-sensitive K* channels: This type of K* channel 
helps in secretion of insulin. In presence of ATP, 
they close, preventing K* efflux. As a result, the cells 
depolarize. This leads to opening of Ca™ channels 
which result in entry of Ca** ions into the cell 
causing exocytosis of insulin (see p. 428). 

c. GPCR (G protein coupled receptor)-regulated 
K* channels: Muscarinic Kt channels belong 
to this category. This type of channel includes 
acetylcholine-gated K* channels in pacemaker cells 
of SA node. K* exit through these channels during 
vagal stimulation (ACh release) counters I, decay, 
flattens the slope of pacemaker potential and causes 
slowing of heart rate (see p. 185). 

4 Calcium-activated K* channel: This high conductance 
calcium-gated K* channel is also known as big K’ 
channel (BK) or maxi-K* channel. Itis present in smooth 
muscle membrane and allows muscle relaxation in 
response to a rise in intracellular Ca” concentration. 
This mechanism involving big K’ channel has been 
discussed in this section in connection with the topic 
“smooth muscle contraction and relaxation’ 
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hac inanoni Bene 
Measurement of cardiac output: Cardiac output can be measured by Doppler ¢ ee ; od Sataeke See 
manner by a principle quite different from Fick's method, In this procedure, the ve a she Tediberdne le 
cross-sectional area of the aorta are measured by echocardiography and from sen jaa sii h recorded hea 
be derived mathematically, Cardiac output can be obtained by multiplying stroke volurne ee 
rate. 
Pendred syndrome: Pendrin is a Cl-/| exchanger located in the apical (lumin 
protein transports | anions from acinar cell into the lumen of acin! containing 
Pendred syndrome is a defect in this anion exchanger which may cause abnorm 
in goiter and deafness. 
Kallmann’s syndrome: Kallmann’s syndrome is characterized by hypogor ve nbaeand then the 
with anosmia. It is believed that GnRH-secreting neurons are present initially in 2 en . endian on pass 
along the olfactory nerves, ultimately coming to lie in the hypothalamus. Defect in : is - ee actory 
nerve lesion, caused usually by genetic mutation, will lead to anosmia along with fai vai B sree: fevtia eg 
The Kinins: Bradykinin and lysyl-bradykinin (also called kallidin) are the two kinins oe : ih : in the 
circulation orin the tissues. High molecular weight kininogen (HMWK) is the p ear 4) y ‘head ig on 
called kallikrein present in tissue or plasma converts HMWK into bradykinin. Similarly, tysy!-bradykinin is 
roduced from low molecular weight kininogen by tissue kallikrein. 
: Bradykinin has actions similar . aiuniinn Thus, it causes vasodilation mediated by NO and lowers BP. It also 
causes an increase in capillary permeability. Subdermal injection of bradykinin pr oduces pain. a 
Factor XII (clotting factor) stimulates formation of kallikrein from its precursor prekallikrein. Kallikrein, in 
turn, activates factor XII by positive feedback. HMWK also activates factor XII into its active form in the initia! 
step of intrinsic pathway of coagulation. 


al) membrane of thyroid acini. Thig 


colloid. 
al thyroid function resulting 


gonadotropic hypogonadism associated 


. Congenital nephrotic syndrome: As mentioned before (p. 320), one cause of proteinuria is dissipation of electric 


charge in the filtering membrane in glomerular diseases, as this allows passage of negatively charged proteins 
like albumin through the filtering membrane in absence of any repelling force from similar negative charges 
present in the glomerular filter. 
However, there is another cause of proteinuria which is often congenital. The pathophysiology is as follows: 
The filtration slits between the podocytes of the visceral layer of Bowman’s capsule are normally covered by 
thin pore-containing diaphragms which are formed by several proteins including nephrin, NEPH-1, and podocin. 
These slit diaphragms are responsible for preventing large molecular weight proteins from passing through the 
glomerular filter. 
Mutation of genes responsible for synthesis of the abovementioned proteins (nephrin, NEPH-1, etc.) leads to 
deformed or absent slit diaphragms, allowing proteins to leak through the filtering membrane and cause a congenital 
variety of nephrotic syndrome presenting with proteinuria. 


. Glucose fever: In absence of glucocorticoid hormones like cortisol, the body cannot excrete a large water load 


efficiently. Excretion of water in absence of cortisol is very slow. In this condition, when the patient is subjected 
to a large infusion of glucose solution, the glucose is used up metabolically while the water, in absence of quick 
excretion, dilutes the plasma. Due to the consequent hypoosmolality, water enters into the brain cells. There is 
swelling of the temperature-regulating cells of hypothalamus and their function is disturbed. This causes arise 
in body temperature and it is called “glucose fever’: 
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i MUSCULAR pater myopathies. The inherited group of disorders include the 


Muscular dystrophies are inherited disorders of skeletal different types of muscular dystrophy described above. 


muscle showing Progressive muscle damage and occurring | W uypERTHERMIC CONDITIONS 
st an early age. 

These may be of ay VeaeM es: the most common | Heat cramp is marked by acute severe pain in voluntary 
being X-linked dystrophinopathies such as duchenne | muscles following severe exercise in hot environmental 


muscular dystrophy and Becker muscular dystrophy. conditions with resultant profuse sweating and electrolyte 
Both of these are caused by mutation of the dystrophin | loss. 
gene which is one of the largest genes of the body. Whereas Heat exhaustion is characterised by cardiovascular 


Duchenne muscular dystrophy has an early onset and | failure and collapse due to inability of the heart to 
rapid progress, the Becker type has a later onset and a | compensate for the hypovolemia following dehydration. 
milder Course. Rehydration of the patient usually reverses the condition. 
Dystrophin (p. 637), by linking the cytoskeleton with 
euracellular matrix, is believed to provide mechanical HEAT STROKE 
stability to the muscle fibers especially during contraction. 
Defect in dystrophin leads to tears in muscle membrane | Severe exercise in high ambient temperature and high 
allowing entry of Ca ions, which subsequently results in | humidity often precipitates this condition, particularly 
muscle degeneration. in subjects with compromised cardiovascular function. 
Duchenne muscular dystrophy has an early onset in | Mechanisms of temperature regulation fail. There is 
young boys showing muscle weakness with enlargement | absence of sweating with the core temperature rising to 
of lower limb muscles (pseudohypertrophy). Respiratory 40°-41°C. If not treated promptly, the condition is rapidly 
reserve is compromised and contracture is common. fatal. 
Cardiomyopathy and arrhythmia occur due to cardiac | Profound vasodilation in this condition leads to 
involvement whereas cognitive defects occur when the | decreased effective circulating blood volume associated 
brain is involved. | with tachycardia, arrhythmia and hyperkalemia. 
Patients with Duchenne dystrophy usually die within | Skeletal muscle contraction with further generation 
30 years. However, Becker dystrophy frequently has a | of heat may exacerbate the condition. This is probably due 
normal lifespan. | to damage of RYR1 (Ryanodine) channels in the terminal 
| cistern of skeletal muscles. Ca™ leakage from these 


Other rarer type of muscular dystrophy include limb- 
deranged channels causes muscle contraction. 


girdle muscular dystrophy, myotonic dystrophy, etc . 
Myopathies manifested by muscle weakness may be Mutation of RYR} channels leads to a condition called 


Classified as having inflammatory origin (polymyositis, | malignant hyperthermia which has a clinical picture 
dermatomyositis), toxic etiology (due to drugs such as | similar to heat stroke. Exposure to anesthetic agents (like 


Statins, chloroquine etc.), mitochondrial or ion channel | danuolene) may precipitate the condition. 








B DIALYSIS AND RENAL TRANSPLANTATION 


Dialysis Is essentially a simple process of diffusion in 
which Howing plasma of patient’s blood is separated from 
a dialysate fluid by a semipermeable membrane (formed 
by _ cellophane tube or the peritoneal membrane) 
which allows passage of fluid and electrolytes across the 
membrane but prevents plasma proteins from passing 
through it, 

The dialysate has a composition similar to normal 
plasma except the plasma proteins. So, during dialysis, the 
wastes in plasma like urea and excess ions like K* and PO,", 
pass into the dialysate (which has normal concentrations 
of these substances) down the concentration gradient. 
(Concentrations of urea, K* and PO," in plasma are high 
in patients with chronic renal failure due to impaired 
excretion), 

Substances like glucose, if present in normal con- 
centration in plasma, do not pass out through the dialysing 
membrane as the concentration gradient is nil with the 
dialysate having the same concentration. 

In this way, the abnormal composition of plasma in 
patients with chronic renal failure, is slowly normalized. 

Dialysis occurs in two forms: (a) Hemodialysis and 
(b) Peritoneal dialysis. 

In hemodialysis, blood is pumped into a cellophane 
tube separated from a large volume of dialysate fluid 
and then returned to the body after dialysis. During this 
process, about 250 mL of blood remains outside the body 
at any given point of time. Usually, the process, lasting for 
about 5 hours, is repeated thrice a week. 

In peritoneal dialysis, the peritoneal membrane acts 
as the dialysing membrane. About 2 liter of dialysate is 
introduced into the peritoneal cavity and replaced several 
times a day. Chance of peritoneal infection is a major 
concern and adequate preventive measures are required. 

An important drawback of dialysis in a patient with 
chronic renal disease is (a) failure to replenish renal 
hormones like erythropoietin and renin and (b) failure 
to produce the active form of vitamin D, in the absence of 
1-a-hydroxylase enzyme in the kidney. 

Another therapeutic option in chronic renal failure is 
renal transplantation, in which one kidney from a healthy 
donor is transplanted into the patient. 

As one-half of a normal healthy kidney is sufficient 
to perform the total excretory function of the body, 
transplantation of one kidney is sufficient for restoring 
normal renal function in the diseased patient. 

However, for a successful renal transplantation, tissue 
typing should be done meticulously with the donor being 
preferably a close relative. This is supplemented with 
immunosuppressant drugs to prevent rejection. 
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B REFLEXES IN THE NEONATES 


Moro reflex: This reflex Is present up to 5 4 months after 
birth. This is elicited by a sudden loss of support (ep. 
allowing the Infant's head to suddenly fall a few inches 
onto the examiner's hand), This causes the Infant to reflexly 
spread out his arms upwards and outwards (abduction) 
followed by adduction and flexion. There ts also flexion of 
the legs and the Infant cries. 

Moro reflex generally disappears by 3-4 months. 
Absence, asymmetry or persistence of this reflex response 
points to serious neurological defects. 

Rooting reflex: When the corner of the infant’s mouth js 
touched, the infant turns its head towards the stimulus. ff 
also lowers its lower lip and moves the tongue towards the 
stimulus. This helps the infant to find the breast or feeding 
bottle. 

Sucking reflex: When any object is placed in the infant’s 
mouth, the infant starts sucking it vigorously. 

Grasp reflex: When an object is placed on the infant's palm 
or sole, the infant flexes its fingers or toes around the object. 
Tonic neck reflex: When the head ofa supine baby is turned 
to one side, the arm and leg of that side is straightened 
(extended) while the other arm flexes. This is often called 


‘fencing’ position. 


Bf IMPORTANT DEVELOPMENTAL MILESTONES OF AN INFANT 


2 months: Raises shoulder from prone position; smiles in 
response; follows sounds with eyes; makes cooing sounds. 
4 months: When lifted from supine to sitting position, head 
does not lag behind; can roll from front to back; laughs. 

6 months: Can sit without support; can hold bottle and 
feed itself; makes babbling sound. 

9 months: Can pull to standing position; waves bye-bye; 
says two syllables like mama. 

12 months: Can walk and stoop; can drink from a cup; 
mimics others; says mama, dada specifically. 

18 months: Runs; kicks a ball; can put off clothes; can speak 
six words or more. 

2 years: Can walk along staircase; can wash hands, brush 
teeth and wear dresses; can speak two-word sentences. 


ff INDICES OF GROWTH AND ANTHROPOMETRY 


Growth of a child is manifested by its progressive increase 
in values of anthropometric indices such as weight, height, 
head and chest circumferences with age. It is essential to 
regularly monitor these parameters to confirm nor:nal 
growth of the child. Normal growth of a child can be 
assessed by evaluation of three types: 


the child, the value ofa particular parameter should 
nt veen 2 standard deviations on cither side of a 
rmedian value determined by examining a large 
Lane of apparently normal children, 
a articulat parameter ofthe child should lie between 
| ind q7th percentiles of values of that parameter in 
re number of children. 
srowth tables involving ‘weight for age; ‘height for age, 
weight for height as ri 
weight for age: This depicts the gradual increase in 


: weight for age: 

ome of the normal mean values are: 
» Weight at birth is 3.3 kg 
» At5 months: 6.6 kg 
» Atl2 months: 9.6 kg 
» At2 years: 12.2 kg 
In other words, in a rough estimate, a baby doubles 
‘ts weight by 5 months, trebles its weight by 1 year 
and quadruples it by 2 years. 
Height for age: A baby has a length (or height) of 
50 cm at birth, 75 cm by 1 year and 87 cm by 2 years. 
In other words, a baby adds 25 cm to its height in the 
first year and 12 cm in the second year. 
Weight for height: This is considered to be an even 
more important parameter than ‘weight for age’ as 
it may give useful information about the nutritional 
status. This is because in malnutrition, a child may 
have greater increase in height than increase in 
weight resulting in a comparatively low ‘weight for 
height’ value. On the other hand, an overnourished 
child has a greater ‘weight for height’ value. 
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poad-to-Health Chart (Fig. 110.1) 


Alongitudinal assessment of a child’s growth can be visibly 
displayed in a growth chart called ‘Road to Health’ which 
is essentially based on ‘weight for age’ values. Growth of 
a healthy child should progress along the slowly rising 
‘road’ Importance of this chart is that if progress of the 
child is horizontal (meaning that weight is stationary) or 
downward, it indicates serious retardation in growth and 
needs urgent correcting measures. 


Head and Chest Circumference 


At birth, head circumference is 34 cm whereas chest 
circumference is 32 cm. As the baby grows, its head and 
chest circumferences become equal at 6-9 months, 


after which the chest circumference overtakes head | 
Such time limits are: Heart (4-6 hr), Liver (24 hr), kidney 


_ (72 hr), cornea (14 days), skin (5 years), ete. 


circumference. In an undernourished child, however, this 
overtaking’ may be delayed to 2-3 years. 
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Age (Months) 
Fig. 110.1: Road-to-health chart. 


Mid-arm Circumference 


One of the indices of nutritional status is mid-arm circum- 
ference which, measured by a tape, should be more than 
13.5 cm in a normal child between 1-5 years of age. If this 
value is less than 12.5 cm, it indicates deficient nutrition. 


i BRAIN DEATH 


Due to maintenance of patients in deep coma with 
ventilator support and inotropic agents, it is difficult to 
determine the time of actual death. This has led to coining o! 
the term ‘brain death’ which indicates complete cessation 
of all brain activities, tantamount to actual death, in spite 
of continued artificial ventilation or circulation. 

The criteria of brain death are: 

a. Presence of coma 

b, Absence of all types of brainstem reflexes such as light 
reflex, corneal reflex, gag reflex, etc. 

c. Presence of apnea: This is confirmed by total absence of 
respiratory movements when ventilator support is dis- 
continued and pCO, is allowed to rise up to 60 mm Hg. 
Apart from this, total absence of EEG waves also 

signifies brain death. For this, isoelectric EEG recordings 
from 20 scalp electrodes for at least 30 minutes, are the 
criteria for confirming brain death. 

Obviously, diagnosis of brain death puts an end to 
unethical continuation of artificial existence. Determination 
of the time of brain death is also important to calculate the 
time limit for transplantation of viscera (e.g. heart, liver, 
kidney, etc.) to recipients from brain-dead donor. 
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technique 201f 
Dynamic stretch reflex 497 
Dynamin 27 
Dyneins 8 
Dysdiadochokinesia 526 
Dysmetria 526 
Dysplasia, bronchopulmonary 164 
Dyspnea 123, 261 
Dyspneic index 123 
Dystrophin 637, 639 
Dystrophinopathy, X-linked 639 
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Ear 
external 599 
inner 600 
middle 599 
Earth’s atmosphere 633 
Edema 68, 69, 261 
absence of 378 
causes of 69 
Effective renal plasma flow 323 
Efferent arterioles 314 
Efferent connections 540 
Efferent fibers 525 
Efferent limb 224 
Efferent nervous system 546 
Ehlers-Danlos syndrome 10 
Eighth nerve 475 
Einthoven’s law 238 
Einthoven’s triangle 239f 
Elastin 1] 
Electrocardiogram 237 
parts of normal 240f 
Electrocardiography 186 
convention of 238 
procedure of 241 
Electrochemical gradient forces 26 
Electrocorticogram 553 
Electrodes 36 
Electroencephalogram 411,553 
rhythms in 553 
usefulness of 556 
Electrolyte 63, 272, 289 
balance 623 
effect of 245, 412 
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Wectronic aplrometer 1648 
Nlectraphoresis 66 
Hleventh nerve 475 
Hiptocytosis 71 
limbden-Meyerhof pathway 71, 361 
imbryonle gonad 439 
motion, effect of 220 
Umphysema 135/170 
Encephalization 516 
Encephalopathy, hepatic 304 
End-diastolic fiber length 166 
End-diastolic volume 186, 196, 216, 25) 
Endocannabinolds 561] 
Endocrine 
control 542 
diseases 82 
system 379 
relation with 546 
Endocytosis 27 
receptor-mediated 4 
Endogenous pain-inhibiting mechanism 
509, 509f 
Endomysium 47 
Endopeptidases 283 
Endoplasmic reticulum 6,51, 188, 478 
smooth 6, 6f 
Endothelin 207, 381 
Endothelium, vasoactive chemicals of 206 
Enterochromaffin cells 278, 295 
Enterogastric reflex 300 
Enterogastrone 299 
Enterohepatic circulation 290, 290f 
Enterokinase 283, 295 
Enzyme 4, 284, 295, 359 
activity 360 
carbonic anhydrase 145 
catalyzed reactions, factors regulating 
rate of 360 
concentration 360 
glycogen synthase 364 
linked immunosorbent assay 112, 386, 
465 
myosin light chain phosphatase 54 
Eosinophil 86, 88, 105, 170 
cationic protein 86 
peroxidase 86 
Epidermolysis bullosa 10 
Epididymis 444 
Epilepsy 556 
types of 556, 556f 
Epinephrine 365, 381, 559 
stimulates phosphorylase 364 
Epithelial cell 325, 326, 347 
intestinal 306 
lining 305 
Epithelial irritants 18 
Epithelial sodium channel 19 
Erb’s sign 423 
Erection 449 


Erythroblastsis fetaiie 42, \(73 
brythrac yie sedimentation 
mechanism of A 
pale 64, 44 
erythropoiesis 72 
factors influencing 74 
steps ft T2f7% 
Erythropoietin 74,040 
sensitive erythrocyte, accelerating 
division of 74 . 
Pyophageal sphincter 297 
lower ZIG 
Retrogens 457 
biosynthesis of 457/ 
chemistry of 457f 
deficiency Af 44,4) 
functions of 454, 459 
mechanism of action of 452 
receptor modulators, selective 47, 
role of 449 
Ethylenediaminetetraacetic 2cid & 
Euthyroid goiters 405 
Excitation-contraction coupling 43, ja 
619 
Excretory system 311 
Exercise 330, 429 
isometric 251 
pacing of 624 
physiology 623 
Exocytosis 26 
Exon 14 
Exopeptidase 223 
Exophthalmos 404 
Expiratory reserve volume 12) 
Extracellular fluid 4, 24, 25, 32,52, &. 
187, 218, 219, 328, 337, 321, 229, 419 
542 
ionic composition of 332 
pH 331 
volume 391 
regulation of 324, 412 
Extracellular ion concentration, «fect of 
42 
Extrapyramidal tracts 316 
Extrinsic pathway 94 
Eye 579, 584 
movement, rapid 165, 409, 62 
optics of 584 
photoreceptors of 582/ 
reduced 584, 584/ 
reflexes of 595 
structure of 579 
Eyeball 475 
movements of 596 
structures in 579/ 
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Fabricius, bursa of 105 
Facial nerve 475 
F-actin 8 
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191, 18Uf 
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pastigh 
pat 301 
absorption of 308 
digestion 285, 308 
anterconversion of 361 
metabolism 409-411, 416 
rich 372 
soluble vitamin 
A 290, 291 
D 290 
E 290 
K 290 
types of 371 
Fatigue 624 
Fatty acids 6, 63, 368 
beta-oxidation of 368 
reedforward inhibition 489 


Fern test 455 
Fertilization 461 
Fetal circulation 235, 235f 
Fetal hemoglobin 78 
oxygen binding affinity of 143 
Fetoplacental unit 464, 464f 
Fetus 410 
Fever 545 
Fibers, types of 506 
Fibrillin 11 
Fibrinogen 66, 67 
Fibrinolysin 455 
Fibrinolytic pathway 96f 
Fibrinolytic system 95 
Fibrosis 133f 
cystic 171 
Fick's law 21, 126 
Fick’s method 638 
Fick's principle 200 
Filament 
thick 47, 48f 
thin 48 
Filiform papillae 607 
Finasteride 448 
Flagellum 8 
Flavin adenine dinucleotide 359, 
368, 374 
Flavin mononucleotide 374 
Flavoprotein-cytochrome system 360 
Flow-volume loop 137, 137f 
Fluid 
intracellular 24, 331, 38, 65 
mosaic model 3, 4 
State pinocytosis 27 
Fluorine 372 
deficiency 372 
Foliate papillae 607 
Folic acid 74, 304, 375 
role of 75f 
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Follicle 
cells 45] 
primary 45] 
stimulating hormone 387, 3934, 446, 
449, 463 
Food intake 
factors regulating 541 
regulation of 626f 
Fourth nerve 475 
Fovea centralis 582 
features of 582 
Fowler's rapid N2 meter analysis method 
168 
Fractional test meal analysis 280 
Frank-Starling’s law 56, 188, 189, 205 
application of 188 
effect of 260 
graphical depiction of 188f 
molecular basis of 189 
Free fatty acid 426, 428, 431, 434, 626 
oxidation of 56 
Froin’s syndrome 477 
Fructose 306 
1,6-diphosphatase 430 
Fuel molecules 361 
Functional residual capacity 122, 128, 168 
Fungiform papillae 607 
Fusiform cell layer 563 
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G-actin 48 
Galactorrhea 395 
Galactose 306 
tolerance test 293 
Gallbladder 287f 
bile 287, 289 
infection of 293 
ultrasonography of 293 
Gallstones 293 
Gamma-aminobutyric acid 268, 441, 631 
Gamma-efferents, role of 497 
Ganglion cell 303, 583 
Gap junctions 10, 180 
Gastric 
emptying 299 
factors influencing 299, 300 
function, tests of 280 
inhibitory peptide 270 
juice, constituents of 275 
mucosal barrier 281, 281f 
mucous membrane, parietal cells of 74 
peristalsis 299 
phase 279 
pit 274 
secretion 275 
composition of 275 
control of 278 
ulcer 281, 282 


Gaatrin 236, 421 
actions of 269 
factors inhibiting secretion at 269) 
receptor 277f 
releasing peptide 269, 278 
secreting tumors 282 
Gastrinomas 282 
Gastrocolic reflex 303 
Gastroesophageal reflux 298 
Gastroileal reflex 302 
Gastrointestinal hormones 269, 270, 426 
secretion of 236 
Gastrointestinal tract 25, 267, 268, 416, 
420, 429, 432, 560 
blood supply of 26 
innervation of 268 
layers of 267f 
movements of 296 
terminal ileum of 74 
Gastrojejunostomy 282 
Gene 12 
Genetic 
code 12 
sex 439 
Genital tissues 448 
Genital tract, female 444 
Genitalia 439 
external 444, 450 
Germ cells 439 
Ghrelin 541, 627 
Giant cells 107 
Gibbs-Donnan equation 35 
Gigantism 391 
Gilbert's syndrome 291 
Gland 
endocrine 381 
exocrine 46 
mixed 272 
secreting hormone 381 
type of 466 
Glandular cells, pyramid-shaped 283 
Glanzmann’s thrombasthenia 92 
Glaucoma 580, 581 
characteristics of 586 
Glial cells 563 
types of 480f 
Globin, synthesis of 75 
Globulins 66, 67 
Globus pallidus 527 
Glomerular capillary 320 
hydrostatic pressure 321 
oncotic pressure 321 
Glomerular filtration 320 
rate 317, 318, 318f 319, 321, 322, 328, 
329, 348, 409 
determination of 322 
factors influencing 320 
Glomerulotubular balance 318, 319/c 
Glomus cells 154 
Glossopharyngeal nerve 271, 475 
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Glucagon 365, 43) 
actions of 43] 
stimulates glycogenolysis 43] 
Glucoamylase 306 | 
Glucocorticoids 170, 408 
secretion, regulation of 408 
Stimulate production 420 
therapy 408 
Glucokinase 361 
Glucose 63, 293, 306, 347, 428 
6-phosphate dehydrogenase 88 
deficiency 71, 82 
dependent insulinotropic polypeptide 
428 
fever 638 
low 625 
oxidation of 56 
reabsorption 331 
tolerance test 433, 433f 
transporter type 2 325 
transporter type 4 20 
protein 22 
Glucostatic function 364 
Glucuronyl transferase 80 
Glutamate 486, 560 
Glutathione 7] 
Glycation, abnormal 632 
Glycemic index 306, 376 
Glycocholic acid 288 
Glycogen 305 
oxidation of 56 
Glycogenesis 361, 364 
Glycogenolysis 361, 364 
Glycolysis 361 
aerobic 57 
anaerobic 56, 57 
pathways of 362f 
Glycolytic motor units 58 
Glycolytic pathway 362 
Glycoproteins 451 
Glycosaminoglycans 11 
Glycosuria 365 
alimentary 347 
endocrine 347 
Goblet cells 295 
Goiter 405 
hyperthyroid 405 
hypothyroid 405 
Goldman constant-field equation 34 
Goldman-Hodgkin-Katz equation 34 
Golgi apparatus 6, 6f, 7, 15, 483 
Golgi cell 523 
Golgi tendon organ 498 
Gonadal sex 439 
Gonadal steroid-binding globulin 458 
Gonadotropin, actions of 394 
Gonadotropin-releasing hormone 387, 
393, 441, 449, 455, 542 
agonists 18 
analogs 394 
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Gonads 444, 450 
development of 439 
G-protein 302-384 
coupled receptors 607 
Graatian follicle 451/ 
Graham's law 22 
Grand mal epilepsy 556, 556/ 


Granular endoplasmic reticulum 6, 6/ 


Granular layer 
external 563 
internal 563 
Granules 
primary 85 
secondary 85 
Granulocyte-macrophage colony- 
stimulating factor 385 
Granulosa cell 439, 451, 452 
layers of 461 
tumors 443 
Graphesthesia 505 
Grasp reflex 640 
Graves’ disease 403-405 
Gravity 198 
effect of 119, 249 
Growth 402, 428 
factor, insulin like 389 
hormone 74, 365, 381, 387, 389-391, 
395, 428, 432 
actions of 390 
deficiency 392 
inhibiting hormone 387 
releasing hormone 387, 542, 453 
secretion, factors influencing 389 
physiology of 395 
Guanine 12 
Guanosine triphosphate 13, 
207, 295 
Gustatory papillae 607 
Gut peptide hypothesis 541 
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Hagen-Poiseuille 
formula 254 
law 255 
Hair 353 
cell 491, 537f 
hyperpolarization of 537f 
inner 603 
structure of 536 
follicle 503 
Haldane effect 146 
Hamburger phenomenon 146 
Haploid 6 
Hashimoto's disease 403 
Head and chest circumference 641 
Head’s paradoxical reflex 152 
Hearing 599 
range 604 


Heart 177, 401, 402, 641 
block 242a/f 
complete 197, 2AN2, 242 
firat degree 242 
gecond-degree 242 
failure 2451, 260, 261, 261f 
causes of 260 
congestive 261 
diastolic 260 
left-sided 261 
systolic 260 
types 260 
innervation of 207 
junctional tissues of 183/ 
rate 185/c, 202, 202/, 204, 220, 223, 
224f, 225fc, 231, 237, 241, 414, 416 
determinants of 224/ 
factors controlling 223 
rupture of 231 
sound 195, 196 
Heat loss 544 
mechanisms of 543 
Heat production 544 
mechanism of 543 
Heat stroke 639 
Heavy meromyosin 48 
Heidenhain pouch 280 
Heinz bodies 71 
Helicobacter pylori infection 281, 282 
Helium dilution 
method 122f 
technique 168 
Heme-heme interaction 141 
Hemianopia, homonymous 591 
Hemiballismus 530 
Hemiblock 243 
Hemicellulose 304 
Hemin crystals 79 
Hemochromatosis 81 
Hemodynamics 252 
Hemoglobin 77, 82, 141, 143, 207 
chain synthesis 78f 
compounds 79 
deoxygenated 154 
derivatives 79 
fate of 79 
glycated 77 
oxygen dissociation curves of 14! 
structure of 77, 77/ 
synthesis of 78 
Hemolysis 102 
Hemolytic disease 103 
Hemophilia 98 
A 98 
B 98 
C 98 
classical 98, 98f 
Hemorrhage 376 
acute 258 
genitourinary 82 
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emosidertn 81 

yemosideros's 79, 102 

yemostasts 91, 418 

H aderson-Hasselbateh equation 340 
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yenle’s loop 315 

Heparan sulfate : ; 

Heparin 86, 88, 95, 97 

Hepatitis 102 

Hepeidin 81 | | 

yering-Brevet inflation reflex 150-152 
yermaphroditism, true 440 

Herring bodies 395 

Hexokinase 361 


Hexose monophosphate 71 


High altitude 158 
sickness 161 
High molecular weight kininogen 94 
yirschsprung’s disease 303 
yis bundle electrogram 245 
Histamine 86, 278, 560 
Histiocytes 89 
Histocompatibility complex 106, 107 
proteins 106 
Homeostasis 27 
Hormonal defects 440 
Hormones 18, 74, 75, 225, 381, 383, 384, 
543 
action, mechanism of 381, 383 
chemical structure of 406 
classification of 381 
downregulation of 382 
effect of 432, 467 
hypophyseal tropic 387 
hypothalamic releasing 387 
level, estimation of 386 
local 74 
progesterone 464f 
receptor, properties of 381 
role of 365 
Horner's syndrome 548, 549 
Houssay animal 432 
Howell-Jolly bodies 71 
Human cell 439 
Human chorionic somatomammotropin 
463 
Human ear, parts of 599f 
Human immunodeficiency virus 112 
Human leukocyte antigens 106 
Human placental lactogen 463 
Humoral immunity 89, 106 
Hunter syndrome 11 
Huntington's chorea 530, 531 
features of 530 
Hurler’s syndrome 11 
Hyaline membrane disease 135 
Hyaluronic acid 11 
Hydrocephalus 477 
external 477 
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Hydrochloric actd 108, 276 
Hydrogen 

ACCEPUNA coenzymes 460 

lons 36) | 
Hydrolases as 
Hydrophoble end 4 
Hyperaldosteroniam 

primary 222 

secondary 413 
Hyperalgesia 510 

primary 511 

secondary 611 
Hyperbilirubinemia 29] 
Hypercapnia 156, 160, 170 
Hyperemia, reactive 231 
Hyperglycemia, severe 430 
Hyperkalemia 102, 414 
Hypermetropia 585, 586f 
Hyperparathyroidism, secondary 422 
Hyperpigmentation 414 
Hyperpnea 158 

voluntary 156 
Hyperprolactinemia 394 
Hypersecretion 391 
Hypersensitivity 

delayed type of 107, 107f 

denervation 46, 273 

reaction, immediate 88 
Hypertension 221 

causes of 222 

secondary 222 

essential 222 
Hyperthermia 545 
Hyperthyroidism 404f 

causes of 403 

treatment of 404 
Hypertonic solution 24 
Hypertrophy, cardiac 237 
Hyperventilation 159, 161 
Hypervolemia 329, 330 
Hypocalcemia 102, 302 
Hypoglycemia 414, 433, 625 
Hyponatremia 414 
Hypophyseal portal system 388, 388/ 
Hypotension, chronic 414 
Hypothalamic 

area, lateral 625, 626 

failure 403 

hypophyseal axis 453 
Hypothalamo hypophyseal-target gland 

axis 388f 

Hypothalamus 209, 539, 566 

anatomy 539 

autonomic functions 540 

circadian rhythm 540 

connections 539 

feeding and satiety 540 

functions 540 


rnuclelof SV 
pituitary target glarid 
control Aa 
relation (o sleep 549 
role of 477, 545 
Hypothermia 545 
Hypothesis, gliuc oatatic SAL, W25 
Hypothyroidism 82 
features of 404 
Hypotonia 65! 
Hypotonic solution 24 
Hypoventilation 158 
Hypovolemia 429,414 
Hypovolemic vascular collapse 414 
Hypoxia 153-157, 159-161, 179, 212, 212fc 
acute 157 
anemic 79, 157, 159, 163 
chronic 157 
different types of 157fc 
effect of 154 
histotoxic 157, 160, 163 
hypoxic 157-159, 163 
signs of 157, 158 
stimulates 159 
symptoms of 157 
types of 158f 
Hysteresis loop 131, 131f 132 
H-zone 48, 178 
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I-band 48, 178 
Icterus gravis neonatorum 103 
Idiopathic thrombocytopenic purpura 98 
Immune deficiency, profound 112 
Immunity 105, 106 
active 105 
nonspecific 105 
specific 105 
Immunoglobulin 
A 109 
D 109 
E 109 
G 108 
general structure of 108 
genetic diversity of 109 
M 109 
structure of 108/ 
Immunotolerance, theories of 111 
Incretins 429 
Indian Council of Medical Research 370 
Infertility 465 
Inflammation 88 
Inflammatory origin 639 
Inhibitory postsynaptic potential 488 
formation 382 
Innate immunity 105 
Inositol 
1,4,5-trisphosphate 384 
triphosphate receptor 54 
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Inspiration, effect of 225f 
Inspiratory off switch 151 
Inspiratory ramp activity 149 
Inspiratory reserve volume 12) 
Insulin 365, 395, 425, 625, 626 
actions of 426 
biphasic secretion of 428/ 
chemistry of 425 
mechanism of action of 426/ 
resistance 433 
secretion, factors controlling 428/ 
synthesis of 425 
Interferons 109 
Interhemispheric transfer 569 
Interleukin 107, 109 
Intermodal tracts 183 
Interstitial cells 445 
of Cajal 296 
Stimulating hormone 446 
Interstitial hydrostatic pressure 68 
Intestinal brush border enzymes 306 
Intestinal epithelium, brush border 
enzyme defects in 302 
Intestine, polarity of 302 
Intracellular cyclic adenosine 
monophosphate 185 
Intracellular organelles 6f 
Intracranial pressure 227 
Intrapericardial pressure 203 
Intrapleural pressure 128, 138f 
Intrauterine contraceptive device 465 
Intraventricular pressure 195f 
Introns 14 
Inverse stretch reflex 498 
lodide trapping 399 
Iodine 372 
deficiency 403 
Ion channels 4, 19 
acetylcholine-gated 19 
different types of 19 
selectivity of 20 
Ion transport 428 
lopanoic acid 293 
Iris 579 
Iron 372 
absorption 80f 
metabolism 80 
Irradiation 500 
Islets of Langerhans 425f 
Isomaltase 306 
Isotonic exercise 25] 
effect of 221fc 
Isovolumetric relaxation 196 
Isthmus cells 274 
Itch 511 
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Jreceptors 152 
Janus tyrosine kinase 385, 390 
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Jaundice 29) 
hemolytic 291, 292, 2921, 348 
hepatic 291 
hepatocellular 293 
obstructive 291, 292, 2921, 305 
physiological 292 
Jendrassik’s maneuver 497 
Jugular venous waves 196, 197f 
Juxtaglomerular apparatus 317, a17f 
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Kallidin 638 

Kallikrein 272, 273 

Kallmann’s syndrome 638 

Kaspar Hauser syndrome 392 

Keratan sulfate 11 

Keratin 352 

Keratomalacia 373 

Kernicterus 103, 226 

Ketoacidosis, diabetic 369, 430 

Ketone bodies 347, 348, 369 
formation of 369f 

Ketosis 430 

Kidney 365, 410, 420, 421, 432, 641 
blood vessels of 316 
functions of 313 

Kill microbes 107 

Killer cells 106 

Kinesins 8 

Kinins 638 

Kinocilium 536 

Kirchhoff’s law 239 

Kisspeptin peptides 441 

Klinefelter syndrome 440 

Kliiver-Bucy animal 567 

Knee jerk 495 

Kélliker-fuse and medial parabrachial 

nuclei 150 
Korsakoff’s syndrome 374 
Krebs cycle 57, 362f, 363, 364, 366, 
367, 369 

Kupffer cells 89, 286 

Kussmaul’s breathing 165, 431 

Kwashiorkor 378 
develop, signs of 378 
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Labyrinthine righting reflexes 536 
Lactase 306 
Lactation 371 

on menstruation, effect of 467 
Lactic acid, accumulation of 343 
Lactoferrin 85 
Lactose intolerance 306 
Lambert-Eaton syndrome 46 
Laminar flow 252, 252f 
Laminin 11 
Landsteiner’s law 100 


Language 971 
qpoken 571 
lypes 57) 
written 971 
| aplac e's law 260, 298, 350 
Laryngismus gtridulus 423 
Latch phenomenon G20 
Latch bridge formation 54 
Law of intestine 402 
Law of Laplace 255 
Law of projection 49% 
Lecithin 288 
Lecithin, concentration of 293f 
Left axis deviation, causes of 24) 
Leishman’s stain 85 
Lenticular nucleus 527 
Leptin 625 
mechanism of action of 541, 541f 
produces anorexia 541 
Lesion, level of 518 
Lethargy 378 
Leukemia 89 
Leukopenia 89 
Leukotriene 106, 170 
antagonists of 170 
Leydig cells 394, 439, 446 
Libido 395 
Liddle’s syndrome 19 
L-iduronidase deficiency 11 
Ligand-gated calcium channel 53 
Ligandins 80 
Light meromyosin 48 
Light reflex 595 
Limbic association cortex 629 
Limbic cortex 209, 566f 
Limbic system 454, 566 
anatomy 566 
connections 566 
fear and rage 567 
sham rage 567 
Lingual lipase 305 
Linoleic acid 5 
Lipid 299, 368 
emulsification of 290 
metabolism 368, 402, 427 
Lipolytic enzymes 283 
Lipoprotein 
high-density 67, 372 
low high-density 433 
low-density 67, 372, 406 
types of 67 
very low-density 67, 427 
Lipostatic hypothesis 540 
Lithocholic acid 287 
Liver 73, 236, 286, 287/ 432, 641 
bile 287, 289 
constituents of 287 
disease, extensive 99 
function 290 
tests 292 
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jucidum 352 
Lugaro cells 524 
yugolsiodine 4" 
yumbar puncture 477 
128 
Ele epithelium 117 
alveoli 119 
basal part of 138 
capacity of 121f 
total 122, 130, 139, 162 
collapse 171 
compliance 170 
disease 133f 
obstructive 123f 
dynamic compression of 137f 
function tests 168 
nonrespiratory functions of 169 
ventilation of 121 
volume 
and capacities 121 
low 138f 
Luteinizing hormone 18, 28, 386, 387, 393, 
394, 441, 446, 449 
releasing hormone 393, 542 
Lymph 90 
main function of 90 
Lymph edema 90 
Lymphoblastic leukemia 89 
Lymphocyte 89 
clonal deletion of 18 
large 86 
Lymphoid stem cell, committed 73 
Lymphokine 109 
Lysolecithin 285 
Lysosomal storage disease 7 
Lysosomes 7 
Lysozyme 85, 272 
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M cells 295 

M phase 16 
Macrocytosis 70f 
Macroheterogeneity 269 
Macronutrients 37] 
Macrophage 105 


colony-stimulating factor 420 
role of 106 


Index 


Macula 536 
densa 317 
lutea 583 
Malabsorption 92 
syndrome 302, 303 
Malaria 82, 102, 363 
Male pseudohermaphroditigm 441 
Male reproductive 
Organs 444 
system 444 
Malignant tumors 18 
Mall lymphocyte 86 
Maltose 305 
Maltotriose 305 
Mammary gland 467f 
and lactation 466 
Manubrium 600 
Marasmic kwashiorkor 378 
Marasmus 378 
Marble bone disease 11 
Marey’s law 224 
mechanism of 224fc 
Marfan syndrome 11 
Masking 604 
Mass 
peristalsis 303 
reflex 351, 518 
Mast cells 106, 275 
liberate histamine 106 
Mastication 297 
Maternal immunoglobulins 307 
Mean corpuscular 
hemoglobin 81, 75 
concentration 75, 81 
volume 75 
Mean electrical axis 241 
determination of 241f 
Mechanical papillae 607 
Mechano-mechanical coupling 620 
Medulla, intermediate ventrolateral 210 
Medullary interstitium 332 
Medullary osmotic gradient 333 
Medullary respiratory centers 150 
Medullary synchronizing zone 555 
Megacolon 303 
Megaloblastic anemia 74 
Meiosis 6 
Meissner’s corpuscle 491, 503 
Meissner’s plexus 268, 296 
Melanin 
amount of 353 
concentrating hormone 625 
Melanocyte stimulating hormone 626 
Melatonin 434 
Memantine 571 
Membrane 
attack complex 110, 111 
inner 7 
junctions 3 


malfunction 644 
outer 7 
limiting 982 
Memory 570, 615 
autoblographical 615 
classification 615 
explicit 615, 617 
implicit 570, 571 
molecular mechanism of 570 
long-term 618 
short-term 615 
T cells 106 
Meninges 476 
Meningitis 213 
Menopause 460 
Menstrual contents 455 
Menstrual cycle 450, 454 
different phases of 452 
hormonal control of 455 
Mental symptoms 411 
Merkel’s disk 503 
Mesangial cells 315, 319 
Mesenchymal stromal cells 439 
Messenger ribonucleic acid 12-15, 400, 
408, 448 
synthesis 390 
Metabolic acidosis 343, 369, 431 
types of 343 
Metabolic alkalosis 343 
Metabolic syndrome 433 
Metabolism 357 
Metamyelocyte 87 
Methemoglobin 79 
Methionine formation 76 
Methyl mercaptan 610 
Micelle 
composition of 288f 
formation of 288 
Microcirculation 234 
factors influencing 234 
Microcytic anemia 82 
Microcytosis 70 
Microfilaments 7, 8 
Microfold cells 295 
Microglia 480 
Microgravity, effect of 634 
Microheterogeneity 269 
Microtubules 7, 91 
Microvilli 294 
Micturition 349 
control of 350 
Mid-arm circumference 641 
Midcollicular transection 533/ 
Middle coat 579 
Midpontine level 149/ 
Migrating motor complex 296 
Milk, ejection of 467 
Mineralocorticoid eflect 414 
Minerals 370, 372 
Mini pills 466 
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Minute ventilation, part of 125 
Mitochondria 6f 7, 8, 91, 485 
Mitochondria disintegrate 462 
Mitochondrial damage theory 632 
Mitochondrial pathway 635 
Mitogen-activated protein 426 
Mitosis 5, 16 
phases of 17f 
Mitral cells, axon of 610 
Molecular motors 8 
Monochromats 595 
Monocyte 86, 88 
Monocytopenia 89 
Monocytosis 89 
Monoiodotyrosine 399, 400 
Monokine 109 
Monomeric G-protein 621 
Monophosphate 
cyclic adenosine 185, 207, 295, 335, 364, 
381, 383, 393, 396, 419, 431, 446, 461, 
621, 622 
cyclic guanosine 295, 381, 449 
Monosaccharides 305, 372 
Monounsaturated fats 372 
Monro-Kellie doctrine 227 
Moro reflex 640 
Mosaicism 440 
Motilin 270 
Motor area, supplementary 514, 628 
Motor cortex 
connections of 514 
primary 513 
Motor end plate 43 
Motor neuron 58 
number of 514 
Motor programs 514 
Motor system 513 
Motor tracts 519f 
Motor unit 58 
Mouth-to-mouth breathing 166 
Mucin 272, 276 
layer of 281 
Mucopolysaccharidoses 11 
Mucous membrane 105, 267 
Miiller’s cells 582 
Miiller’s maneuver 128 
Miiller’s muscle 549 
Miillerian duct 18 
Miillerian-inhibiting 
factor 439, 447 
substance 441 
Multilayered myelin sheath 481f 
Multilayered sheath 480 
Muscarinic receptors 118 
Muscle 409, 623 
accessory 129 
bronchial 416 
contraction 497 
mechanism of 47 
phases of 50f 
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fiber 47/, 639 
of expiration 130 
of inspiration 129 
pump 198, 220, 251 
reflexly relaxes 498 
relaxation of 51 
spindle 
actions of 497 
structure of 496, 496f 
strength of 624 
tissue 47, 401 
types of 53 
tone 532 
levels of 532 
segmental control 532 
supraspinal influences 532 
weakness 639 
Muscular contraction, state of 233 
Muscular dystrophies 639 
type of 639 
Muscular layer 267 
Muscular weakness 414 
Muscularis mucosae 267 
Mutation 16 
accumulation theory 632 
Myasthenia gravis 45, 46 
Myelin sheath 478 
Myelination 480 
stages of 481f 
Myeloblastic leukemia 89 
Myeloblasts 87 
Myelocytes 87 
Myeloid stem cell, committed 73 
Myeloperoxidase 85, 88 
Myenteric plexus 268 
Myocardial cell 180, 231 
Myocardial compliance 203 
Myocardial infarction 96, 231, 237, 244, 
636 
Myocardial ischemia 231, 237 
Myocardial O, consumption 230 
Myoepithelial cells 272 
causes contraction of 467 
Myofibrils 47, 178 
Myogenic mechanism 318 
Myogenic theory 206 
Myoglobin 144 
oxygen dissociation curves of 144f 
Myopia 585, 586f 
Myosin 8, 48, 178 
light chain 
kinase 54 
phosphatase 620 
phosphatase 621 
Myxedema 401, 403 


N 


Natural killer cells 106 
Natural methods 465 


Nausea 414 
Neck cells 274 
Neck righting reflex 536 
Neocerebellum 520 
Neoglucogenesis S64 
Neonates, reflexes in 640 
Nephrogenic diabetes 397 
Nephron 315 
juxtamedullary 315, 316, 316f 
parts of 3 Af 
structure of 313 
Nephrotic syndrome, congenital 632 
Nerve 
cells simultaneously 480 
endings 491 
fiber 483 
classification of 481, 482t 
properties of 478 
types of 41f 
growth factor 482 
injury 482 
first degree 482 
second degree 482 
muscle physiology 31 
ninth 475 
pathways 499f 
supply 609 
tenth 475 
twelfth 475 
Nervous glycosuria 347 
Nervous system 401, 471 
Net filtration pressure 321 
Neural factors 233, 235 
Neural influences 231 
Neuroendocrine cells 381 
Neurofibrils 478 
Neurogenic bladder 351 
Neurogenic shock 257, 259 
Neuroglia 479 
Neuroglial cells 226 
Neurohypophysis 387 
Neuroimaging 629 
Neuromodulators 561 
Neuromuscular cleft 43 
Neuromuscular junction 43, 43f 45 
Neuromuscular transmission 45 
mechanism of 44 
steps of 44fc 
Neuron 478 
parts of 478f 
role of 631 
structure of 478 
type of 541 
Neuropeptide 561 
Y 626 
Neuropraxia 482 
Neurotmesis 482 
Neurotransmitters 548, 558, 630 
receptors of 558 
retrograde 561 
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viacin 3 ee 
xicotinamide adenine dinucleotide 361, 
368 
jcotinic adenine dinucleotide 374 
! phosphate 374 
Night blindness 373, 589 
Nitric oxide 207, 216, 268, 385, 449, 561 
Nitrogen 19, 140 
Nodal rhythm 185, 197 
Nonassociative learning 569 
Nonfenestrated capillaries 256 
Nonfluent aphasia 972 
\oninsulin-dependent diabetes mellitus, 
treatment of 429 
Nonphysiologic stimulus 273 
Nonpituitary tumors 411 
Nonshivering thermogenesis 544 
Nonsteroidal anti-inflammatory drugs 
281, 282 
Nontoxic cyanmethemoglobin 160 
Nonvolatile acids 344 
sources of 344 
Noradrenaline, actions of 416t 
Norepinephrine 259, 559 
Noxious stimulus 498 
Nuclear envelope 5 
Nuclear membrane 5 
Nuclear pores 5 
Nucleases 284 
Nucleic acids, breakdown of 313 
Nucleosome 5 
Nucleus 5, 85 
accumbens 568 
anterior group of 550 
retroambigualis 148 
tractus solitaries 148, 210, 215, 223, 224, 
475 
Numerous acini 283 
Nutrition 370 
abnormalities of 377 
Nutritious diet 74 
Nystagmus 526, 538 
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Obesity 377, 389, 433 

Causes of 377 
Obligatory reabsorption 336, 336f 
Obligatory urine volume 346 
Occipital lobe 565 
Ocular dominance columns 593 
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Oculocardiag reflex 208 
Olfactory bulbs 609 
Olfactory Rlomerull 609 
Olfactory mucosa 609 


“a nice Membrane 609/ 
Olfactory NuCTCUS, anterior 610 
actory pathways 609 
Olfactory Sensation 609 
transduction of 610 
Olfactory tract 610 
Olfactory tubercle 610 
Oligodendrocytes 480 
Oligopeptides 307 
Oliguria 346 
Omeprazole 282 
Oncogenes 18 
Ondine’s curse 148, 150 
Oocyte 45] 
primary 45] 
secondary 450 
Oogenesis 453 
Opioid peptides 509, 560, 561 
Opponent cell 594 
Optic chiasma 
central part of 591f 
ends of 591f 
Optic nerve 591f 
Optic tract 591f 
left 591 
Optical righting reflexes 536 
Optimum 56 
Oral 
cholecystography 293 
hypoglycemic agents 429 
rehydration salt 26 
Organ of Corti 600f 
Organic constituents 272 
Orthopnea 261 
Osmoles 23 
Osmoreceptors 299 
Osmosis 21, 23, 23f 
Osmotic diuresis 337, 346, 431 
Osmotic fragility 71 
Osmotic fragility test 71 
Osmotic pressure 23 
Osmotic reabsorption 336 
Osteoblasts 418, 419 
Osteocytes 418 
Osteogenesis imperfecta 10 
Osteomalacia 423 
Osteopetrosis 11 
Osteoporosis 11, 411, 424, 460 
Osteoprotegerin 420 
Ovarian cycle 
stages of 451f 
with brief hormonal basis 452 
Ovarian follicle 459 
Ovary, hormones of 457 
Overdrive suppression 242 
Ovulation, indicators of 455 


Ovum, fertilized 4672 
Oxidation 399 
Oxidative phosphorylation 360, Wlf 
Oxygen 19, 140 
capacity 144 
cascade IAlf 
consumption 200, 246 
content 143 
debt 57, 57f 166 
hemoglobin dissociation curve 141 
partial pressure of 155fc, 221 
species, reactive 632 
therapy 159, 163 
toxicity 164 
transport of 71, 140 
Oxyhemoglobin 79, 141 
Oxyntic cells 274, 275 
Oxytocin 397 
effect of 397 
mode of action of 397 
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P wave 240 
Pacemaker 
cells 296, 620 
hierarchy of 183 
potential, ionic basis of 182 
Pacinian corpuscle 491, 492 
mechanism of adaptation in 493 
Packed cell volume 63, 81 
Pain 505 
gate-control theory of 509, 509/ 
intractable abdominal 414 
pathways of 506, 507f 
receptor 505 
referred 508 
sensation 
absence of 508 
loss of 508 
types of 506, 511 
Paleocerebellum 520 
Paleospinothalamic pathway 506, 507 
Pancreas 287f 
endocrine 425 
exocrine 283, 305 
Pancreatic acinar cell 284/ 
Pancreatic amylase 283 
Pancreatic insufficiency 303 
Pancreatic juice, constituents of 283 
Pancreatic lipase 284, 308 
Pancreatic secretion 284 
control of 285 
Pancreatitis 
acute 285 
Signs of 285 
Paneth cells 295 
Pantothenic acid 375 
Papez circuit 566, 567/ 
Papillae 607 
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Papillary muscles 178 
Para-aminohippuric acid 323, 324 
Paracellular transport 326, 327 
Paracrine 
effect 447 
gland 381 
regulation 429 
Paradoxical sleep 554 
Parallel fibers 523, 524 
Paralytic ileus 302 
Paralytic secretion 273 
Parasympathetic division 546 
Parasympathetic nerves 271, 273, 349 
Parasympathetic stimulation, effect of 546 
Parathormone 27, 420 
actions of 419 
related protein 420 
secretion of 420 
Parathyroid gland 
histology of 419f 
hyperfunction of 422 
Parathyroid hormone 419 
Paraventricular nucleus 625, 626 
Parietal cortex 514 
Parietal lobe 564 
Parkinson's disease 529, 529t, 559 
treatment of 529, 530 
Parotid glands 271 
Paroxysmal dyspnea 261 
Paroxysmal tachycardias 247 
Pars distalis 387 
Pars intermedia 387 
Pars tuberalis 387 
Partial pressure 143 
Parturition 467 
Passive immunity 105 
Pasteur pipette 83 
Paternity test 103 
Pavlov’s famous 569 
Pavlov’s pouch 280 
Peak acid output 280 
Peak expiratory flow rate 168 
Pendred syndrome 638 
Pendular movements 301 
Pepsinogen 275, 305 
Peptic cells 275 
Peptic ulcer 281, 282 
treatment of 282 
Peptide 366, 558 
bond 14 
hormones 381 
Perchlorate 404 
Perfusion pressure 249 
Pericardium 178 
Perifornical area 625 
Perimysium 47 
Perinuclear cistern 5 
Periodic breathing 156 
Peripheral chemoreceptors 152, 153 
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Peripheral nervous system 473, 474 
Peripheral neuropathy 10 
Peripheral resistance 205 

total 216, 416 
Peristalsis 301 

functions of 301 

short-range 302 

types of 302 
Peristaltic wave 

primary 298 

secondary 298 
Peritubular capillary 314 
Peritubular factors 326, 329 
Peritubular interstitial cells 74 
Permanent methods 466 
Pernicious anemia 75 
Peroneal sign 423 
Peroxisomes 7 
Petechial hemorrhagic spots 97 
Petit mal epilepsy 556 
pH 

effect of 156 

limiting 344, 347 
Phagocytosis 27 
Phantom limb 493, 494, 502 
Pharmacomechanical coupling 621 
Phenolsulfonphthalein excretion test 348 
Phenomenon, reentry 245f, 247 
Phenotypic sex 439 
Phenylethanolamine N-methyltransferase 

415 

Phosphate 56 

buffer 342f 

system 340, 344 

Phosphatidylcholine 3, 5 
Phosphatidylethanolamine 3 
Phosphatidylinositol 3 

4,5-bisphosphate 384 
Phosphoenolpyruvate carboxykinase 430 
Phospholipase C pathway 390 
Phospholipid 368 

molecules, layers of 4f 
Phosphorylcreatine 56, 57 
Photochemistry 588 
Phrenic crush 482 
Phrynoderma 373 
Pickwickian syndrome 165 
Pigment epithelium 581 
Pills 466 
Pinch-Cock effect 298 
Pineal gland 434 
Pinna 599, 604 
Pinocytosis 27 

absorptive 27 
Pirenzepine 282 
Piriform cortex 610 
Pituitary failure 403 
Pituitary gland 387 
Pituitary insufficiency 392 

features of 392 
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Pituitary tumor ANS, 411 
Placenta 
functions of 462 
hormones of 462 
Placental estrogen 463 
Placental progesterone 463 
Placing reactions 536 
Plasma 
concentration 330 
membrane 3 
receptors 381 
osmolality of 23, 396, 541 
principal 343 
proteins 65, 66, 68 
functions of 67 
volume 634 
estimation of 63 
Plasmapheresis 67 
Plasmin 96 
Platelet 91, 95 
activating factor 93, 106, 381 
aggregation of 92 
count 97 
derived growth factor 385 
development of 91 
functions of 92 
morphology of 91f 
plug, formation of 91, 92 
Plexiform layer 563 
Pluripotent stem cell 73, 86 
Pneumotaxic center 149 
Pneumothorax 171 
Poikilocytosis 71 
Poiseuille-Hagen formula 217 
Polychromatophilic normoblast 73 
Polycythemia 83, 159, 161, 162, 170 
Polydipsia 397 
Polymyositis 639 
Polypeptide 366, 561 
Polysaccharides 305, 372 
Polyunsaturated fatty acids 5 
Polyuria 346, 397 
Pontine centers 149, 150 
Ponto-geniculo-occipital spikes 554 
Pontomedullary junction 149f 
Portal triad 286 
Portal vein 286 
Postconception methods 466 
Postextrasystolic potentiation 192 
Postganglionic neurons 547, 547/ 
Postprandial alkaline tide 277 
Postrenal proteinuria 348 
Postsynaptic inhibition 488 
Postsynaptic neuron 560 
cell body of 486 
single 486 
Post-tetanic potentiation 490 
Post-translational modification 15 
Postural hypotension 189, 249 
Causes of 250 
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ulosa cells 451 
premature infants 292 
prerenal proteinuria 348 
Presbyopia 585 
pressure-volume 
curve 131f 
loop 198, 198f 
Presupplementary motor area 628 
Presynaptic facilitation 488 
Presynaptic inhibition 488, 488f 
Presynaptic membrane 485 
Presynaptic neuron 485, 490 
synapses 485 
Price-Jones curve 70, 70f 
Primitive stem cell 71 
Primordial follicle 450, 451f 
Procarboxypeptidase 283, 284 
Procollagenase 283, 284 
Proelastase 283, 284 
Progenitor cells 72, 73 
Progesterone 459, 460 
actions of 459 
effect of 394 
functions of 460 
Prolactin 387, 394 
effect of 394 
inhibiting 
factor 394 
hormone 388 
Promyelocyte 87 
Pronormoblast 73 
Proopiomelanocortin 540, 625 
Proprioceptors 491 
Prosopagnosia 565 
Prostacyclin 207 
oe 281, 446 
ici, 7 function 354 
f, 307, 347, 366, 370, 371 
acute phase 69 
androgen binding 446, 447 
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anions 34 
bound todine test 405 
buffers 340 
C, activates 95 
deficiency 378 
digestion of 307 
energy malnutrition 377, 378 
heterotrimeric G- 382 
integral 4 
interconversion of 361 
intracellular motor 8 
kinase 
B 426 
pathway, mitogen-activated 385, 390 
metabolism 366, 390, 402, 409-411, 428 
product of 313 
requirement, daily 371 
secretion 15 
structural alteration of 632 
structure of 366 
synthesis 12, 15f 
regulation of 15 
Proteoglycans 10, 11 
Proteolytic enzymes 283, 305 
Prothrombin 66, 67 
activator 94 
time 97 
Proximal convoluted tubule 219, 315, 319, 
325f, 336f, 342f 
Pseudohermaphroditism 440 
female 441 
Pseudohypertrophy 639 
Pseudohypoparathyroidism 422 
Psychomotor epilepsy 556, 556f 
Puberty 441 
delayed 442 
goiter 405 
Pudendal nerve 349 
Pulmonary alveoli 119 
Pulmonary blood vessels 236 
Pulmonary capillaries 623 
Pulmonary edema 231, 261 
Pulmonary hypertension 170 
Pulmonary thromboembolism 99 
Pulse pressure 215 
Pump 4, 20 
Punishment areas 568 
Pupillary constriction 595 
Pupils, dilation of 548 
Purkinje cell 523 
layer 523 
Purkinje fibers 183, 184 
Purkinje shift 595 
Purkinje-Sanson images 585 
Purple striae 4\] 
Pursuit movements, smooth 596 
Pus cells 347 
Pyloric glands 274 
Pyloroplasty 282 


Pyramidal layer 
external 564 
Internal 563 
Pyramidal tract 513, 514, 515f 
course 515 
functions of 515 
nomenclature 514 
origin 514 
termination 515 
Pyridoxine 374 
Pyrogen reaction 102 
Pyruvate carboxylase 430 
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Q wave 240, 244 

QRS complex 240, 244 
QT syndrome, long 24 
Quetelet index 377 
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R wave 240 
Racemose gland, compound 283 
Radiation, ionizing 18 
Radioimmunoassay 386 
Radioiodine uptake 405 
Ramp activity 149 
Ranitidine 282 
Rate-limiting 
function 382 
reaction 360 
Rathke’s pouch 387 
Rebound phenomenon 526 
Receptor 491 
classification 491 
properties of 493 
types of 493 
Reciprocal innervation 489, 489f 
Red blood cell 3, 63, 65, 70, 72, 84/ 100, 
141, 159, 169, 347, 409, 465 
circular shape of 70f 
functions of 71 
metabolism of 71 
morphology of 70 
Red bone marrow 72 
Red muscles 55, 514 
Red reaction 354 
Reflex 495 
activity, stage of 518 
arc 489/ 
cardiovascular 210, 210/ 
classification of 495 
failure, stage of 518 
long 268 
properties of 499 
secretion 273 
types of 268 
Reflexive memory 570, 571 
Retraction, errors of 585 
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Retractory period 38, 190, 191f, 479 
total 19) 
Reissner's membrane 600 
Relative refractory period 191 
Relaxin 460 
Rem-on neurons 631 
Renal autoregulation 321 
Renal blood flow 317, 321/ 
autoregulation of 317, 318f 
measurement 323 
Renal circulation, features of 316 
Renal clearance tests 348 
Renal erythropoietin 74 
Renal failure 343 
Renal function tests 348 
Renal glycosuria 347, 433f 
Renal proteinuria 348 
Renal transplantation 640 
Renal tubular acidosis 11 
Renin 640 
angiotensin 
mechanism 219, 219fc 
System 319 
Renshaw cell inhibition 488, 488f 
Reproductive organs, female 450, 450f 
Reproductive system 437, 458 
Residual volume 139 
Resistance vessels 215, 233, 255 
Respiration 63, 148, 223, 401 
chemical control of 153 
Classical concept of 149 
control of 151f 
dual control of 148 
effect of 220, 225 
modem concept of 150, 150f 
neural control of 148 
neural regulation of 148 
stimulation of 224 
types of 117 
Respiratory 
acidosis 343 
alkalosis 343 
center 223 
compensation 343 
diseases 170 
distress syndrome 135 
function 170 
mucous membrane, edema of 170 
pump 198 
system 115, 130f 623 
Respiratory tract 
cilia of 105 
lower 117 
Restiform body 520 
Resting membrane potential 33, 36, 181, 
330, 479 
Resting respiratory level 122 
Restrictive lung disease 123, 123 
Reticular activating system 149, 402, 551, 
552, 552f 
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Reticular formation $48, 551 
functions of 552 
Reticular system, descending 552 
Reticulocyte 73 
crisis 74 
Reticuloendothelial system 89 
Reticulospinal tracts 516, 552 
Retina 581, 591 
layers of 581 
photochemical changes in 588 
Retrolental fibroplasia 164 
Retropulsion 299 
Reverberating circuit 500f 
Rexed lamina 502, 502f 
Reynolds number 252 
Rh blood group 101 
Rheobase 39 
Rheumatoid arthritis 46 
Rh-isoimmunization 103 
Rhizotomy, posterior 510 
Rhodopsin 588 
Rhythm method 465 
Rhythmic discharge 631 
Riboflavin 374 
Ribonucleic acid 74, 112 
Ribosome 6, 14 
surface of 15f 
Rickets 423, 423f 
different causes of 423 
Right axis deviation, causes of 241 
Righting reflexes 535 
Rigidity, types of 533 
Rigor mortis 52 
Road-to-health chart 641, 641f 
Rods and cones 
dark adaptation of 597f 
functions of 583 
structure of 582 
Romberg’s sign 519 
Rooting reflex 640 
Rostral spinocerebellar tract 512 
Rostral ventrolateral medulla 209, 210 
211, 218, 223, 224 
Rouleaux formation 84, 84f 
Rubik’s cube 570 
Rubrospinal tract 516, 523 
Rush peristalsis 302 
Ryanodine 639 
receptor 49 
Ryle’s tube 280 
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S phase 16 

S wave 240 

Sacral outflow 546 

S-adenosyl methionine 76 

Saliva 271, 305 
constituents of 272 
functions of 272 


rate of flaw of 272 
watery gecretion of 273 
Salivary amylase 272, 305 
salivary gland 271 
anatomy of 271 
parts of mixed 271f 
salivary nucleus 
inferior 27) 
superior 271 
Salivary secretion 
control of 273 
stimulation of 272 
Salt separation 66 
Saltatory conduction 481f 
Salty taste 606 
Sarcolemma 47 
Sarcomere 47, 47f 178 
Sarcoplasmic reticulum 49, 51, 172, ig2, 
621 
Sarcotubular system 49 
Satellite cells 47 
Saturday night palsy 482 
Saw-tooth voltage 33 
Scala vestibuli 600 
Scanning speech 526 
Schafer’s technique 167 
Schematic eye 584, 584f 
Schwann cells 480, 483 
Sclera 579 
Sclerosis 232 
Scurvy 10 
Sebaceous glands 353 
Secondary active transport 25, 306 
Secretin 270, 289 
actions 270 
Secretion, regulation of 295, 421, 428 
Secretory granules 8 
Segmental static reflexes 535 
Semen 446 
Semicircular canals 537 
functions of 538 
Seminiferous tubule, structure o/ 
Senile red blood cells 90 
Sense organs 491 
Sensitization, molecular mechani. ~ of 
616 
Sensorineural deafness 605 
Sensory 
area, primary 564 
area, secondary 564 
cortex 504, 628 
homunculus 502, 502f 
nerve fibers 607 
nucleus, principal 475 
perception 354 
receptors, types of 491f 
system 501 
tracts 519f 
Septic shock 259 
features of 259 
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distributive 257 
hypovolemic 957, 257t, 258, 258¢ 
irreversible 258 
es of 259 
short bowel syndrome 302 
short reflexes 268 
Short-loop feedback 389 
Shunt 159, 230 
sick sinus syndrome 246 
Sickle cell 
anemia 78, 82 
trait 78 
Sideroblastic anemia 82 
Sildenafil 449 
Sinoatrial node 182, 183, 197 
Sinus arrhythmia 241 
Sinusoids 256, 286 
Sister chromatids 16 
Skeletal muscle 46, 47, 52, 55, 56, 56f, 57, 
205, 233, 432 
blood vessels, dilation of 233 
circulation 250 
contraction 
molecular mechanism of 51fc 
steps of 51 fc 
fibers 55 
properties of 55 
structure of 178 
Skin 352, 401 
appendages of 353 
changes 373 
color of 353 
functions of 354 
histological features of 352, 352f 
intact 105 
lesions 378 
senses 49] 
triple response 354 
types of 352 
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Sleep apnea 165 
Obstructive 165 
Sleep cycle 555 
Sleep spindles 554 
Slow muscles 55 


aoe ee potential 182, 162/ 
Sci ie nal absorptive surface 302 
‘ stine 294, 295, 305 
movements of 300 
segmentation movement of 301f 
Smell sensation 610 
adaptation of 610 
Smooth muscle 46, 416, 619, 621 
contraction, mechanisms of 621 
relaxation 621 
mechanisms of 621 
structure of 53f 
types of 620 
Snake venom 82 
Snellen’s chart, rows of 598f 
Sodium 372 
balance 328 
channels 19 
voltage-gated 19 
chloride 23, 318 
glucose cotransporter-2 325 
potassium adenosine triphosphatase 
25 
Solitary toxic 
adenoma 403 
nodule 405 
Soluble mucus 276 
Somatic nerves, relation with 546 
Somatomedins 391 
Somatosensory cortex 628 
Somatostatin 270, 278, 381, 389 
Somatosympathetic reflex 213 
Somatotropin 387 
Sound 
intensity of 603 
localization 604 
Sound intensity 604 
determination of 604 
Sound transduction 601 
mechanism of 602/ 
Special sense 57/ 
receptors for 49! 
Sperm, morphology 
Spermatocyles 
primary 449 
secondary 449 
Spermatogenesis 395, 443, 444, 453 
factors influencing 446 
stages ol 445, 445f 
Spermatogo!ia 445 
Spermatozoon 446/ 
mature 440 


of 446 





Sperma, motility of 46) 
Spherocytosis 71 
hereditary 71, 82 
Sphincter of Oddi 283, 284, 289 
Spinal accessory 475 
Spinal centers 210 
Spinal cord 467,474, 518 
complete transection of 517 
cross-section of 50If 
hemisection of 518, 519f 
Spinal nerve 475 
formation of 476f 
Spinal shock 351, 518 
causes of 518 
stage of 517, 518 
Spindle fibers 16 
Spinocerebellar tracts 512, 512f 
Spinocerebellum 522f 
Spinothalamic tract, anterior 504, 504f 
Spirometry tests 168 
Splanchnic circulation 236 
Spleen 73 
Splenectomy 90 
Squamous cells 451 
Stable clot, formation of 95 
Stagnant hypoxia 157, 160, 163 
Staircase phenomenon 192, 192f 
Stamping gait 519 
Stannius ligature experiment 184 
Starling’s hypothesis 24, 68, 320, 321 
Static stretch reflex 497 
Statins 639 
Steatorrhea 284, 285, 291, 302 
Stem cell 
committed 72, 73, 86 
factor 74 
Stensen’s duct 271 
Stereocilia 603 
Stereognosis 505 
Steroid 6 
hormones 381 
Sterols 368 
Stickler syndrome 10 
Stimulate horizontal cells 590f 
Stimulate macrophages 10’ 
Stimulates myosin light chain phosphatase 
385 
Stimulus 
adequate 493, 499 
artifact 36 
pairing of 273 
type of 493 
Stokes-Adams syndrome 242 
Stomach 105, 274, 309 
body of 298 
chemical reactions 2/7 
functional anatomy 2/4 
functions of 280 
gastric glands 274 
movements of 298 
parts of 274, 2/4/ 
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Stratum 

corneum 352 

functionale 454 

germinativum 352 

granulosum 352 

lucidum 352 

spinosum 352 
Strength duration curve 39, 39/ 
Streptokinase 96 | 
Stress 408, 409 

analgesia 508 

relaxation 620 

response 409 

stimulate secretion 408 
Stretch reflex 495, 498 

pathway of 496f 
Stroke 

cerebral 517 

volume 203, 205, 215, 220 
Stroma 579 
Stylopharyngeus muscle 475 
Subendocardial tissue 229, 230 
Subliminal fringe 490 
Sublingual gland 271 
Submandibular salivary gland 271 
Substantia nigra 527, 528 
Subthalamic lesion 531 
Subthalamic nucleus 527 
Succus entericus, constituents of 295 
Sucking reflex 640 
Sucralfate 282 
Sucrase 306 
Sudden infant death syndrome 165 
Sulfur dioxide 118 
Supernormal period 191, 192 
Suppress, role of 111 
Suppressor T cells 106 
Sweat glands 353 

eccrine 353 
Sweat secretion, acclimatization of 353 
Sweating 544 

adrenergic 548 
Sweet taste 606 
Sylvian fissure 501 
Sympathetic cholinergic vasodilator 

system 208 

Sympathetic division 547 
Sympathetic fibers 208 
Sympathetic nerves 273, 349 
Sympathetic nervous system 257 
Sympathetic preganglionic nerve 271 
Sympathetic vasoconstrictor tone 198, 208 
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Systemic circulation 251 
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Systemic lupus erythematosus 46 
Systole 194 

Systolic blood pressure 215, 220, 416 
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T cell 
receptor 107 
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T lymphocytes 89, 105, 106 
T tubule 49 
T wave 240, 244 
Tabes dorsalis 519 
Tachyarrhythmia, causes of 246 
Tachycardia 158 
mechanism of 212fc 
relative 225 
Tacrolimus 112 
Tactile localization 505 
Tamoxifen 18 
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Temporal lobe 564 
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Testicular activity, regulation of 449, 449f 
Testis 444f 
determining factor 439 
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functions of 448 
secreting Leydig cells 447 
Tetanus toxin 519 
Tetany 422 
Tetrahydrofolate 75 
Tetraiodothyronine 398, 400 
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Thalamus 528, 550 
functions of 55] 
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Thebeslan veins 230 
Thermodilution technique 20) 
Thermoreceptors 543 
Thiamine 373 
deficiency 260 
Thiocyanate 404 
Thoracic duct 90 
Thoracic pump 25] 
Threshold stimulus 39 
Thrombasthenic purpura 98 
Thrombin thrombomodulin complex 95 
Thrombophlebitis 102 
Thromboplastin generation test 97 
Thrombosis 99 
Thromboxane A2 and prostacyclin, 
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Thymol turbidity test 293 
Thymus 
dependent way 108 
independent way 108 
Thyroid 
acinar cell 400f 
deficiency 392 
function tests 405 
gland 398 
hormones of 398 
structure of 398f 
hormone 225, 395 
actions of 401, 402 
chemistry of 398, 398f 
mode of action of 400 
release of 399 
synthesis of 399, 399f 400f 
scan 405 
secretion, regulation of 402, 403 
stimulating hormone 386, 387, 392, 402, 
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hypersecretion 403 
secretion 393 
storm 405 
Thyroidectomy 403 
Thyrotoxicosis 225, 260 
Thyrotropin releasing hormone 386, 387, 
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Thyroxine 74, 290, 381, 398, 543 
Tibia test 386 
Tickle 512 
Tidal volume 121 
Tissue 
cancerous 206 
cartilaginous 390 
junctional 180 
macrophage system 89 
metabolite 236 
theory 206, 231 
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Transneuronal degeneration 484 
Transport maximum 324 
Transport proteins 19 
Transpulmonary pressure 128 
Transverse tubules 49 
Traveler's diarrhea 295 
Trefoil peptides 281 
Tricarboxylic acid cycle 71 
Triceps jetk 495 
Tricuspid valve 177 
Trigeminal nerve 475, 504 
Triglycerides 368 
Triiodothyronine 398, 399 
Tropical sprue 302 
Tropomyosin 48, 48f, 51, 178 
Troponin 48, 48f, 51, 178 
Trousseau’s sign 422, 423f 
Trypsin inhibitor 283 
Trypsinogen 283, 284, 307 
Tubectomy 466 
Tuberculin test 107 
Tuberculosis 413 
Tubular epithelial cell 332 
Tubular flow rate 331 
Tubular fluid concentration 331 
Tubular reabsorption 324 
Tubuloglomerular feedback 318fc 
mechanism of 318 
Tufted cells 610 
Tumor 18 
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Tunica adventitia 179 
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Tunica media 179 
Turbulent flow 252, 252f 
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U wave 240 
Ulcer, duodenal 281, 282 
Ultrashort-loop feedback 389 
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Unipolar chest leads 240 
Uniport 26 
Universal donor 101 
Universal recipient 101 
Upper motor neuron 516 
lesion, features of 516 
Upper respiratory tract 117 
Upper second molar tooth 271 
Upregulation of hormones 382 
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cycle 367f 
reabsorption 332 
role of 334 
synthesis 367 
Uremia 82, 300 
Ureter, obstruction of 321 
Uridine diphosphoglucose 364 
Uridine triphosphate 13 
Urinary bilirubin 292 
Urinary bladder 350f, 620 
contraction of 540 
innervation of 350f 
Urinary tract infections 348 
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constituents of 347 
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examination of 348 
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Uterus 416, 454 
Utricle and saccule 536 
functions of 537 
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Vagal centers 210 

Vagal stimulation 278/c 
Vagina, exception of 461 
Vagotomy 223, 282 
Vagovagal reflexes 268 


Vagus 475 
escape 208 
Valsalva maneuver 128,214 
Valves 177 
Valvulae conniventes 294 
van Den Bergh 
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test 292 
van Slyke apparatus 169 
Van't Hoff equation 24 
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Vascular endothelial growth factor 345 
Vascular function curve 204f 
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of 220 
Vascular systern 409, 410 
Vasectomy 466 
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Vasodilation 
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profound 639 
Vasogenic shock 257 
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Vasopressin 
actions of 396 
mode of action of 395 
secretion, control of 396 
Vein, central 2867 
Venous blood 146/, 147 
Venous pressure 195f 
Venous return 194 
Venous waves 194 
Ventilation 
collateral 118 
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imbalance 158 
mismatch 158 
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Vestibulocerebellum 520, 522 
Vestibulocochlear 475 
Vestibulo-ocular reflex 538 
Vestibulospinal tract 516 
Vibration sense 492 
Villi 294 
Viruses 18 
Visceral sense, receptors for 492 
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Visual field 591 
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Visual pathway 591, 591f 
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Visuospatial memory 616 
Vital capacity 122, 168 
timed 123, 168 
Vital proteins 17 
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A 373 
role of 589 
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complex 304 
group of 359 
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binding protein 85 
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mechanism of 396fc 
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Wernicke’s area 572 
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Western blot assay 112 
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functions of 87 
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